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Abstract
Although DNA methylation has been recognised in the pathogenesis of idiopathic pulmonary fibrosis (IPF),
the exact mechanisms are yet to be fully addressed. Herein, we demonstrate that lungs originated from IPF
patients and mice after bleomycin (BLM)-induced pulmonary fibrosis are characterised by altered DNA
methylation along with overexpression in myofibroblasts of methyl-CpG-binding domain 2 (MBD2), a reader
responsible for interpreting DNA methylome-encoded information. Specifically, depletion of Mbd2 in
fibroblasts or myofibroblasts protected mice from BLM-induced pulmonary fibrosis coupled with a
significant reduction of fibroblast differentiation. Mechanistically, transforming growth factor (TGF)-β1
induced a positive feedback regulatory loop between TGF-β receptor I (TβRI), Smad3 and Mbd2, and
erythroid differentiation regulator 1 (Erdr1). TGF-β1 induced fibroblasts to undergo a global DNA
hypermethylation along with Mbd2 overexpression in a TβRI/Smad3 dependent manner, and Mbd2
selectively bound to the methylated CpG DNA within the Erdr1 promoter to repress its expression, through
which it enhanced TGF-β/Smad signalling to promote differentiation of fibroblast into myofibroblast and
exacerbate pulmonary fibrosis. Therefore, enhancing Erdr1 expression strikingly reversed established
pulmonary fibrosis. Collectively, our data support that strategies aimed at silencing Mbd2 or increasing Erdr1
could be viable therapeutic approaches for prevention and treatment of pulmonary fibrosis in clinical settings.

Introduction
Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive and fibrotic lung disease, usually leading to
death within 3–5 years following diagnosis [1]. Despite past extensive studies, the patho-aetiology
underlying IPF remains poorly understood, which has rendered its treatment largely unsuccessful [2, 3]. In
general, IPF is characterised by epithelial injury and differentiation of invasive fibroblasts [4]. The
differentiation of fibroblast into myofibroblast plays a critical role in fibrotic processes and contributes to
the histological features of IPF lung tissues [5, 6]. Upon the stimulation of fibrotic factors such as
transforming growth factor (TGF)-β and platelet-derived growth factor (PDGF), lung fibroblasts
differentiate into myofibroblasts, which then produce copious amount of fibrillary extracellular matrix
(ECM) proteins including type I collagen and fibronectin, predisposing to the development of matrix
stiffness and pathological matrix deposition in the lung mesenchyme [7, 8].
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Previous studies demonstrated that DNA methylation, one of the major epigenetic factors, is involved in
the pathogenesis of IPF, but the detailed underlying mechanisms are yet to be fully elucidated [9, 10]. The
information encoded by the DNA methylome is generally read by a family of methyl-CpG-binding domain
(MBD) proteins (e.g. MBD1, MBD2, MBD4 and MeCP2), which selectively bind to the methylated CpG
DNA, thereby inhibiting or increasing the transcription of targeted genes [11–13]. In particular, MBD2
possesses the highest binding capacity to the methylated CpG DNA [14], and therefore is involved in the
pathogenesis of obesity [11], ischaemic injury [15], autoimmunity [16, 17], diabetes [18] and
tumorigenesis [19]. Interestingly, MBD2 was also found to be highly expressed in the lungs of IPF patients
and mice following bleomycin (BLM)-induced pulmonary fibrosis. Thus, in the present report, we
generated mouse models with specific Mbd2 deficiency in fibroblasts or myofibroblasts. It was noted that
loss of Mbd2 in fibroblasts or myofibroblasts significantly protected mice from BLM-induced pulmonary
fibrosis along with a marked reduction of myofibroblasts by repressing fibroblast differentiation.
Mechanistic studies characterised a TGF-β receptor I (TβRI)/Smad3/Mbd2/Erdr1 positive feedback
regulatory loop. Specifically, TGF-β1 induces fibroblasts to undergo a global DNA hypermethylation
along with Mbd2 overexpression in a TβRI/Smad3-dependent manner; while Mbd2 selectively binds to the
highly methylated Erdr1 promoter to repress its expression, through which it enhances TGF-β/Smads
signalling to promote fibroblast differentiation into myofibroblast. Collectively, our data support that
altered MBD2 expression in fibroblasts is essential for the progression of pulmonary fibrosis, and
therefore, strategies aimed at silencing Mbd2 or increasing Erdr1 could be viable treatments to attenuate
fibrotic progression in clinical settings.

Materials and methods
Reagents and antibodies
Antibodies against type I collagen were purchased from EMD Millipore (Schwalbach, Germany), while
antibodies against prosurfactant protein C (pro-SPC), fibronectin and α-SMA were ordered from Abcam
(MA, USA). Antibodies for p-Smad2, p-Smad3, Pi3kp85, p-Pi3kp85, p-Akt, Erk1/2, mTOR, p-mTOR,
p-Erk1/2, Jnk, p-Jnk, P38 and p-P38 were obtained from Cell Signaling Technology (MA, USA).
Antibodies against MBD2 and glyceraldehyde 3-phosphate dehydrogenase were obtained from Santa Cruz
Biotechnology (CA, USA), and Erdr1 antibody was obtained from Antibody Research Corporation (MO,
USA). Murine recombinant TGF-β1 was obtained from PeproTech (London, UK), while all other reagents
were purchased from Sigma (MO, USA), unless otherwise stated.

Human samples
Resected para-carcinoma lung tissues from nonsmall cell lung cancer (NSCLC) patients (n=6) and lung
explant material from IPF patients (n=8) were collected in Tongji Hospital (Wuhan, China) with informed
consent. IPF diagnosis was made according to the European Respiratory Society/American Thoracic
Society consensus diagnostic criteria [20]. Partial lung tissues were chopped for optimal cutting
temperature compound (OCT) embedding; these specimens were sliced for immunostaining. The residual
lung tissues were resected into 0.5–1 cm3 and stored in liquid nitrogen for Western blotting or DNA
methylation assays. The studies were approved by the human assurance committee of Tongji Hospital
(TJ-IRB20210942). Clinical data are provided in supplementary table S1.

Bleomycin induction of pulmonary fibrosis
The Mbd2flox/flox mice in C57BL/6 background were generated using the clustered regularly interspaced
short palindromic repeats (CRISPR)–Cas9 system by Bioray Laboratories (Shanghai, China). Two loxP
sequences were inserted in the introns flanking exon 2 of Mbd2, as described in figure 4a.
Coll1a2-CreERT2 and Acta2-CreERT2 transgenic mice were purchased from the Shanghai Model Organism
Center (Shanghai, China). The Coll1a2-CreERT2+ and Acta2-CreERT2+ mice were crossed with Mbd2flox/flox

mice to generate Coll1a2-CreERT2+Mbd2flox/flox or Acta2-CreERT2+Mbd2flox/flox mice, respectively. Mbd2
deficiency in fibroblasts or myofibroblasts was induced by intraperitoneal injection of tamoxifen
(75 mg·kg−1) for five consecutive days in Coll1a2-CreERT2+Mbd2flox/flox or Acta2-CreERT2+Mbd2flox/flox

8-week-old mice to induce fibroblast-specific Mbd2 deficiency (defined as Mbd2-CFKO mice), or
myofibroblast-specific Mbd2 deficiency (defined as Mbd2-CMKO mice). Littermates
(Coll1a2-CreERT2–Mbd2flox/flox or Acta2-CreERT2−Mbd2flox/flox mice) administered with equal dose of
tamoxifen were used as controls (defined as Mbd2-C). Conventional Mbd2 knockout mice in C57BL/6
background (defined as Mbd2−/− mice) were kindly provided by Adrian Bird (Edinburgh University,
Edinburgh, UK). Wild-type C57BL/6 mice (defined as WT) were obtained from Beijing Huafukang
Bioscience (Beijing, China).

Mbd2-C, Mbd2-CFKO, Mbd2-CMKO, Mbd2−/− and WT mice were anaesthetised with 1% pentobarbital
sodium (60 mg·kg−1), followed by intratracheal injection of 0.5 mg·kg−1 BLM (Nippon Kayaku, Tokyo,
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Japan) in 40 μL of normal saline with a high-pressure atomising needle (BJ-PW-M; Bio Jane Trading
Limited, Shanghai, China). Mice administered the same volume of normal saline served as controls. Erdr1
lentiviral particles (1×107 IFU (infectious units)) were injected into the anaesthetised animals
intratracheally 10 days after BLM injection. Mice administered with mock lentiviral particles were served
as controls. The mice were euthanised on day 21 following BLM challenge to assess pulmonary fibrosis.
The four lobes of the right lung (superior lobe, middle lobe, inferior lobe and post-caval lobe) were
immediately frozen in liquid nitrogen and stored at −80°C. All mice were housed in a specified
pathogen-free facility at the Tongji Hospital with a 12/12 h light/dark cycle. All experimental procedures
were approved by the animal care and use committee at the Tongji Hospital (TJH-201901015).

Histological and immunohistochemical analysis
The left lungs of mice were inflated with 200 μL 4% neutral buffered paraformaldehyde, and sliced from
the middle region. The left lung upper region was placed in fresh 4% neutral buffered paraformaldehyde
for 24 h at room temperature. After paraffin embedding, lung from each mouse was sliced into 5-μm
sections (three sections, interval of 200 μm) and subjected to haematoxylin and eosin (H&E) and Masson
staining. For a single slide, five visual fields were randomly selected under 100× magnification to obtain
the mean Ashcroft score by two pathologists in a blinded fashion [21]. The left lung lower region was
embedded with OCT compound and stored at −80°C. For immunostaining, the OCT-embedded human
and mouse lungs were sliced into 7-μm sections. The frozen sections were probed with antibodies against
α-SMA, pro-SPC, Mbd2 and Erdr1, followed by staining with Alexa Fluor 594-labelled anti-mouse/rabbit
or Alexa Fluor 488-conjugated anti-rabbit/mouse antibodies (Invitrogen, CA, USA), respectively. Images
were obtained under a fluorescence microscope (Olympus, Shinjuku, Japan).

Culture and treatment of primary lung fibroblasts
Primary lung fibroblasts were isolated from lungs derived from mice, IPF patients and control subjects, as
reported [22]. The cells were grown at 37°C and 5% carbon dioxide in DMEM supplemented with 10%
fetal bovine serum (FBS) and penicillin/streptomycin. The medium was replaced every 3 days. For
fibroblast differentiation, the cells were stimulated with recombinant TGF-β1 (10 ng·mL−1) at indicated
time points.

Small interfering RNA transfection
Small interfering RNAs (siRNAs) specific for MBD2 and a corresponding scrambled siRNA were
purchased from RiboBio (Guangzhou, China) and then transiently transfected into primary lung fibroblasts
using Lipofectamine 3000 (Invitrogen, Shanghai, China), as reported [23]. Briefly, primary lung fibroblasts
were seeded in 12-well plates 24 h before transfection. siRNA transfection was performed once the cells
reached 60% confluence. Transfection efficiency was monitored using reverse transcriptase (RT)-PCR or
Western blotting after 48 h of transfection. The following two siRNAs were used for MBD2: siRNA1
5ʹ-GCA AGA GCG AUG UCU ACU A-3ʹ and siRNA2 5ʹ-GCG AAA CGA UCC UCU CAA U-3ʹ
(RiboBio). For Erdr1 siRNA transfection, Mbd2−/− lung fibroblasts cultured in DMEM supplemented with
10% FBS were transfected with an Erdr1 siRNA or control siRNA (RiboBio), as described earlier. The
transfected cells were next stimulated with murine recombinant TGF-β1 (10 ng·mL−1) at indicated time
points, followed by comparison of myofibroblast conversion.

Western blot analysis
The superior lobe of lung tissues from mice and human subjects and cultured cells were homogenised in
RIPA lysis buffer (Beyotime, Shanghai, China) supplemented with proteinase inhibitor cocktail tablets
(Roche, Wuhan, China), and the proteins were subjected to Western blotting with indicated primary
antibodies, as reported previously [24]. Briefly, equal amounts of lysates were separated on 10% sodium
dodecyl sulphate-polyacrylamide gel and transferred on to polyvinylidene fluoride membranes. The
membranes were blocked with 5% nonfat milk for 1 h at room temperature and then incubated with
primary antibodies overnight at 4°C. Next, the membranes were incubated for 1 h at room temperature with
a horseradish peroxidase-conjugated secondary antibody (Servicebio, Wuhan, China), prior to the
visualisation of the bands using the chemiluminescence reagents (Pierce ECL; Thermo Scientific, Ulm,
Germany). The blots were recorded using X-ray film and analysed using Image Lab 6.0.1 software
(Bio-Rad, Munich, Germany).

Quantitative RT-PCR analysis
Total RNA was isolated from the middle lobe of mouse lung and cultured cells using TRlzol reagent
(Takara, Dalian, China). RNA quantity and quality were measured using a NanoDrop 2000
spectrophotometer (Thermo Scientific, MA, USA). Complementary DNA synthesis was performed using a
Moloney murine leukaemia virus reverse transcriptase kit (Invitrogen, CA, USA). Quantitative RT-PCR
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was performed using the SYBR Premix Ex Taq (Takara), and the relative expression of each target gene
was normalised by Actb expression, as described previously [25]. The primers used for each target gene
are provided in supplementary table S2.

Hydroxyproline assays
The hydroxyproline contents in the inferior lobe of right lung were measured by using a hydroxyproline
kit (Nanjing Jiancheng Institute, Nanjing, China), as described previously [26]. Briefly, the fresh lung
tissues were weighed and alkaline hydrolysed for 20 min at 100°C. After adjusting pH to 6.0–6.8, the
hydrolysates were refined with 25 mg active carbon and centrifuged at 1150 ×g for 10 min. The
supernatants then underwent a series of chemical reactions, and optical density values were determined at
550 nm using a microplate reader (ELx800, BioTek Instruments, Winooski, VT, USA). The
hydroxyproline content in lung tissue is presented as μg hydroxyproline per g lung tissue by comparing
with the hydroxyproline standard provided.

RNA deep sequencing
RNAs from WT and Mbd2−/− lung fibroblasts were extracted using an RNA isolation kit (QIAGEN,
Shanghai, China), respectively. RNA quality and integrity were determined using the Nanodrop 2000
Spectrophotometer and Agilent Bioanalyzer (CA, USA). RNA deep sequencing (RNA-seq) libraries were
multiplexed and loaded into the Illumina HiSeq flow cell v3. All sequencing protocols were carried out as
per the manufacturer’s instructions using the Illumina HiSeq 1000 system and HiSeq control software.

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assays were conducted using a ChIP assay kit (Beyotime) as reported
previously [27]. Briefly, 1×106 lung fibroblasts were cross-linked with formaldehyde, and chromatin
fragmentation was carried out according to the protocol provided. This diluted soluble chromatin solution
prepared thus was then incubated with an Mbd2 antibody overnight at 4°C with rotation. Normal rabbit IgG
was used to determine nonspecific bindings. Next, the mixtures were incubated with protein A+G agarose
beads, and the protein–DNA complexes were eluted out after washes. The eluted DNA was subjected to
ChIP-PCR with the indicated primers. The primers used for Erdr1 in the ChIP assay were 5ʹ-GGC TTT TTT
AAA CTC GAT CCG-3ʹ (forward), 5ʹ-GGC AGG ACT ACA ACT CCC AG-3ʹ (reverse).

Global DNA methylation assay
Global DNA methylation was determined using a MethylFlash Methylated DNA Quantification Kit
(Epigentek, NY, USA) according to the manufacturer’s instructions. Briefly, the methylated DNA was
detected using the capture and detection antibodies to 5-methylcytosine (5-mC) and then quantified
colorimetrically by reading absorbance at 450 nm using a microplate reader (ELx800).

DNA bisulfite sequencing analysis
Genomic DNA from each preparation underwent bisulfite conversion using an EZ DNA
Methylation-Direct Kit (Zymo Research, CA, USA), as reported previously [11, 13]. The resulting
products were used as templates to amplify the targeted sequences, and the PCR products were directly
cloned into plasmids for sequencing. The methylation state of each targeted sequence was then analysed
using DNA sequencing.

Statistical analysis
Comparisons between groups were undertaken using Prism software (Prism 8.lnk; GraphPad Software,
CA, USA). Two experimental groups were compared using the two-tailed t-test (data with normal
distribution, homogeneity of variance) or two-tailed Mann–Whitney test (data without normal distribution).
Once more than two groups were compared, one-way or two-way ANOVA with Tukey’s multiple
comparison test (data with normal distribution) or Kruskal–Wallis test with Dunn’s post hoc tests (data
without normal distribution) were used. All experiments were conducted with at least three independent
replications. The data are presented as the mean±SEM/SD. In all cases, p<0.05 was considered to be
statistically significant.

Results
IPF features by the altered MBD2 expression and DNA methylation
To address the role of MBD2 and DNA methylation in IPF, we first examined MBD2 expression in lungs
from IPF patients and mice following BLM-induced pulmonary fibrosis. It was noted that IPF patients
featured significantly higher expression of α-SMA (a marker of myofibroblasts), and a seven-fold higher
MBD2 expression was noted, as compared to the lungs from control subjects (figure 1a). Similarly, lungs
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from mice following BLM induction also exhibited almost a three-fold higher Mbd2 expression than that
of controls, along with overexpression of α-SMA in the fibrotic lungs (figure 1b). These results prompted
us to characterise the cells showing altered MBD2 expression. We first checked alveolar epithelial type II
cells (AECII), as their impairment and apoptosis are one of the major risk factors for initiation of IPF [28].
Compared to control subjects, co-immunostaining of MBD2 and pro-SPC, a marker of AECII, failed to
detect MBD2 overexpression in pro-SPC+ AECIIs in the lung sections from IPF patients (supplementary
figure S1a), and similar results were obtained in lung sections originated from BLM-induced mice
(supplementary figure S1b). Consistently, no detectable difference in terms of AECII apoptosis was
observed between BLM challenged WT and Mbd2−/− mice (supplementary figure S1c), which was further
confirmed by the comparable expression of pro-apoptotic protein Bax (supplementary figure S1d). We then
embarked on mesenchymal cells, which are a major contributor to the progression of matrix deposition and
tissue distortion during the course of IPF development [29]. MBD2 was noted to be highly expressed in
the lung mesenchymal cells from IPF patients, as evidenced by the co-immunostaining of PDGFR-β
(figure 1c). Similarly, Mbd2 was almost undetectable in the lung sections originated from control mice,
while lung sections derived from fibrotic mice were characterised by the accumulation of mesenchymal
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subjects and IPF patients. b) Western blot analysis of Mbd2 and α-SMA expression in the lungs of mice following 21 days of BLM induction. c, d)
Representative results for co-immunostaining of MBD2 and platelet-derived growth factor receptor (PDGFR)-β in lung sections from patients:
c) control subjects and IPF patients and d) BLM-induced lung sections. e–g) Results for co-immunostaining of MBD2 and α-SMA, a myofibroblast
marker, in e) lung sections from patients with IPF and control subjects, f ) BLM-induced lung sections and g) transforming growth factor
(TGF)-β1-induced fibroblasts. The nuclei were stained blue using 4′,6-diamidino-2-phenylindole (DAPI), and the images were taken under original
magnification ×400. h) Global DNA methylation rate in the lungs of control subjects and IPF patients. i) Global DNA methylation rate in the lungs of
mice following BLM induction. Eight patients with IPF and six control subjects were analysed. Five mice were analysed in each group. Data are
presented as mean±SD. *: p<0.05, **: p<0.01, ***: p<0.001.

https://doi.org/10.1183/13993003.03697-2020 5

EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | Y. WANG ET AL.

http://erj.ersjournals.com/lookup/doi/10.1183/13993003.03697-2020.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.03697-2020.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.03697-2020.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.03697-2020.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.03697-2020.figures-only#fig-data-supplementary-materials


cells along with Mbd2 overexpression (figure 1d). Given that α-SMA+ and PDGFRα+ mesenchymal cells
represent two separate lineages with distinct gene expression profiles in adult lungs [30], we next checked
the expression pattern of MBD2 in mesenchymal cells. Indeed, increased number of α-SMA+MBD2+ and
PDGFRα+MBD2+ cells were detected in the lung sections from IPF patients and pulmonary fibrotic mice
(figure 1e and f, supplementary figure S2a and b). However, many more α-SMA+MBD2+ cells, and fewer
PDGFRα+MBD2+ cells were observed in the lung sections derived from IPF patients and pulmonary
fibrotic mice. To further confirm this observation, we induced WT primary lung fibroblast differentiation
with TGF-β1, and noted that the differentiated myofibroblasts featured overexpression of Mbd2 (figure 1g).

As mentioned earlier, MBD2 acts as a reader to interpret DNA methylome-encoded information; these
results led us to compare the global DNA methylation levels in the lungs between IPF patients and control
subjects as well as in fibrotic lungs from mice following BLM induction. Indeed, a significant global DNA
demethylation was noted in the lungs from IPF patients (figure 1h), and similar results were also obtained
in the fibrotic lungs from mice (figure 1i). Collectively, these data support that pulmonary fibrosis features
the induction of MBD2 overexpression along with a reduction of global DNA methylation levels.

Mbd2 overexpression depends on TβRI-Smad3 signalling
Next, we conducted Western blot and RT-PCR analysis in primary mouse lung fibroblasts following
TGF-β1 stimulation, and demonstrated that TGF-β1 induces Mbd2 overexpression in a dose-dependent
manner (figure 2a and b). Since canonical TGF-β signalling is crucial for the function of TGF-β1 [31], we
performed co-immunostaining of Mbd2 and p-Smad2/3 in these cells following 1 h TGF-β1 stimulation.
As expected, Mbd2 was colocalised with p-Smad2 and p-Smad3 in the differentiated myofibroblasts
(figure 2c). These findings allowed us to assume that Mbd2 might exert its function downstream to
TGF-β1-induced fibrotic signalling. To address this notion, primary mouse lung fibroblasts were treated
with SB431542, a selective inhibitor of TGF-β receptor I (TβRI), and SIS3-HCl (a specific inhibitor of
Smad3) followed by TGF-β1 stimulation, respectively. TGF-β1 strongly induced fibroblast differentiation
as evidenced by the expression of the myofibroblast markers fibronectin and α-SMA, whereas inhibition of
TβRI by SB431542 (10 nM) (figure 2d and e) or Smad3 by SIS3-HCl (5 nM) (figure 2f and g) prevented
upregulation of fibronectin and α-SMA. More importantly, addition of either SB431542 (figure 2d and e)
or SIS3-HCl (figure 2f and g) completely abolished TGF-β1–induced Mbd2 expression, supporting that
Mbd2 overexpression was controlled by the canonical TGF-β signalling, in which TβRI and Smad3 were
essential mediators.

Mbd2 is required for fibroblast differentiation into myofibroblast
To assess the functional relevance of Mbd2 overexpression in fibroblasts, we checked the impact of Mbd2
deficiency on fibroblast differentiation. Remarkably, Mbd2 deficiency significantly repressed fibroblast
differentiation, as evidenced by the attenuated expression of fibronectin, collagen I and α-SMA following
TGF-β1 stimulation (figure 3a). RT-PCR analysis of Fn1 (figure 3b), Col1a1 (figure 3c) and Acta2 (figure
3d) further confirmed this observation. In line with these results, TGF-β1 time-dependently induced Mbd2
expression, and the highest expression was noted following 48 h of stimulation (figure 3e). In addition,
Mbd2 overexpression was highly correlated with fibroblast differentiation, as evidenced by the detection of
a positive correlation with Fn1 (R2=0.4832, p<0.005; figure 3f), Col1a1 (R2=0.7755, p<00001; figure 3g)
and Acta2 expression (R2=0.9097, p<0.0001; figure 3h). More importantly, inhibition of MBD2 expression
by siRNA in the lung fibroblasts derived from IPF patients and control subjects significantly attenuated the
expression of fibronectin, collagen I and α-SMA (figure 3i and supplementary figure S3). Collectively, our
data suggest that the induction of Mbd2 overexpression is essential for fibroblast differentiation. In support
of this notion, Mbd2 deficiency did not show a significant impact on fibroblast migration (supplementary
figure S4a), proliferation (supplementary figure S4b) and apoptosis (supplementary figure S4c), as
determined by the Transwell assay, EdU staining and annexin V/PI staining, respectively. Together, those
data indicate that Mbd2 might selectively modulate fibroblast to myofibroblast differentiation.

Mbd2 deficiency in fibroblasts or myofibroblasts protect mice against BLM-induced lung injury and
fibrosis
Since Mbd2 is required for myofibroblast polarisation, the next key question is whether Mbd2 deficiency
in fibroblasts would protect mice against pulmonary fibrosis. We generated Coll1α2-CreERT2+ Mbd2flox/flox

mice as described, and Mbd2 deficiency in fibroblasts (Mbd2-CFKO) was induced by intraperitoneal
injection of tamoxifen for five consecutive days (figure 4a) on day 12 before BLM induction. Mbd2
deficiency in collagen I+ cells was confirmed by co-immunostaining of lung sections (figure 4b, arrows),
and was validated by genotyping to detect the null allele (supplementary figure S5a, box) and Coll1α2-Cre
allele in DNA isolated from lung tissues (supplementary figure S5b).
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The mice were sacrificed on day 21 following BLM induction. As compared to the control (Mbd2-C)
mice, the Mbd2-CFKO mice displayed significantly attenuated lung injury and fibrosis as manifested by
H&E and Masson’s trichrome staining (figure 4c, left panel) along with much lower Ashcroft scores for
the severity of pulmonary fibrosis (figure 4c, right panel). Consistently, significantly lower levels of
hydroxyproline, a major component of fibrillar collagen of all types, were also detected in the
Mbd2-CFKO mice (figure 4d). Western blot analysis of myofibroblast markers fibronectin, collagen I and
α-SMA in the lung lysates also indicated significantly lower levels of expression in the Mbd2-CFKO mice
(figure 4e), which were validated by RT-PCR analysis (figure 4f–h).
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To further confirm the critical role of Mbd2 in the process of fibroblast differentiation in vivo, we further
generated a myofibroblast-specific Mbd2-deficiency mouse model by crossing the Acta2-CreERT2+ mice
with the Mbd2flox/flox mice as described earlier, and Mbd2 deficiency in myofibroblasts (Mbd2-CMKO)
was induced by intraperitoneal injection of tamoxifen for five consecutive days on day 10 after BLM
induction (figure 5a). Mbd2 deficiency in α-SMA+ cells was confirmed by co-immunostaining of lung
sections (figure 5b, white arrows) and genotyping (supplementary figure S5c and d). Indeed, the
Mbd2-CMKO mice exhibited strikingly alleviated lung injury and fibrosis, as evidenced by the pathologic
staining and lower Ashcroft scores, compared with Mbd2-C mice, following 21 days of BLM injection
(figure 5c). Additionally, remarkably lower levels of hydroxyproline were observed in the Mbd2-CMKO
mice (figure 5d). Consistently, the expression of fibrotic markers was evidently blunted in Mbd2-CMKO
mice as detected by Western blotting (figure 5e) and RT-PCR analysis (figure 5f–h).

To further validate the observed phenotype, the conventional Mbd2−/− mice were further employed for
induction of pulmonary fibrosis. Similar as the Mbd2-CFKO and Mbd2-CMKO mice, the Mbd2−/− mice
were remarkably resistant to BLM-induced lung injury and fibrosis (supplementary figure S6). Taken
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together, our data support that loss of Mbd2 in fibroblasts or myofibroblasts protects mice against
BLM-induced pulmonary fibrosis.

Mbd2 represses Erdr1 expression to promote fibroblast differentiation
To address more detailed mechanisms by which Mbd2 deficiency attenuates fibroblast to myofibroblast
conversion, we embarked on TGF-β downstream signalling molecules using the Mbd2−/− fibroblasts along
with TGF-β1 stimulation. Our earlier data indicated that TGF-β1 induction of Mbd2 overexpression
depends on TβRI-Smad3 signalling (figure 2d–g), and indeed, TGF-β1 stimulated a steady increase of
p-Smad2/3 expression. However, it was noted that lack of Mbd2 significantly attenuated TGF-β1 induced
p-Smad2/3 expression (figure 6a), but Mbd2 deficiency did not affect mitogen-activated protein kinase and
phosphoinositide 3-kinase signalling as evidenced by the absence of a significant difference in terms of
p-P38, p-Jnk, p-Erk1/2, p-P85, p-Akt and p-mTOR expression between TGF-β1-stimulated WT and
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Mbd2−/− fibroblasts (supplementary figure S7a and b). Similarly, Mbd2 deficiency did not show a
perceptible effect on the expression of repressors Smad7 (figure 6b), SMAD specific E3 ubiquitin protein
ligase 1 (Smurf1; figure 6c), and Smurf2 (figure 6d), for the TGF-β-Smad2/3 signalling. Collectively, our
data suggest a possible positive feedback regulatory loop between TGF-β-Smads signalling and Mbd2
expression in the lung fibroblasts.

RNA-seq was employed to compare the expression patterns of genes related to fibroblast differentiation in
WT and Mbd2−/− lung fibroblasts. Representative Mbd2-associated genes changed by more than 2.5-fold
were listed in the heat map (figure 6e) and volcano plot (figure 6f). We found that 1276 mRNAs, 418
lncRNAs and one ncRNA were upregulated, while 1001 mRNAs, 185 lncRNAs and two ncRNAs were
downregulated in WT lung fibroblasts as compared to that of Mbd2−/− lung fibroblasts following TGF-β1
treatment. As expected, the results of RNA-seq and RT-PCR both showed that Mbd2 was highly expressed
in WT fibroblasts (figure 6g). It was noted that Erdr1, a stress-related survival factor known to inhibit
synovial fibroblast migration during the progression of rheumatoid arthritis [32], was included in a cluster
of genes whose expression was upregulated in the Mbd2−/− fibroblasts (figure 6f). RT-PCR analysis
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confirmed that TGF-β1-induced Erdr1 expression was increased 6.5-fold in Mbd2−/− lung fibroblasts
compared to that in WT lung fibroblasts (figure 6h). Importantly, upon TGF-β1 stimulation WT fibroblasts
manifested an eight-fold decrease of Erdr1 mRNA levels (figure 6h). Consistently, a strikingly dropping
Erdr1 mRNA expression was observed in lung tissues originated from IPF patients and control subjects
(supplementary figure S8).

Given that Mbd2 serves as a reader to interpret the information encoded by DNA methylation [11–13], the
data prompted us to analyse DNA methylation state of genomic DNA and Erdr1 promoter by global DNA
methylation assay and bisulfite DNA sequencing, respectively. Fibroblasts from the lungs of IPF patients
manifested higher global genomic DNA hypermethylation than those originating from control subjects
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(supplementary figure S9). Remarkably, TGF-β1 induced a global genomic DNA hypermethylation in
mouse fibroblasts (figure 6i), but no perceptible difference in terms of DNA methylation was noted
between WT and Mbd2−/− fibroblasts (figure 6i). However, bioinformatic analysis (Laboratory of
Molecular Medicine, www.urogene.org/index.html) predicted one CpG island within the Erdr1 promoter
(figure 6j). Bisulfite DNA sequencing confirmed that TGF-β1 induced the Erdr1 promoter to undergo a
DNA hypermethylation at regions from −896bp to −842 bp (transcription starting site as +1), which
contains 12 CpG sites, and six of which showed significant methylation differences (figure 6k). Similarly,
the Erdr1 promoter showed comparable methylation levels between WT and Mbd2−/− fibroblasts (figure 6k).

The next key question is whether Mbd2 selectively binds to the hypermethylated CpG DNAs within the
Erdr1 promoter. ChIP assay was conducted, and analysis of the resulting ChIP-PCR products confirmed
that Mbd2 bound to the Erdr1 promoter in the regions located at −954 bp to −682 bp, which included the
hypermethylated CpG DNA (figure 6l). Importantly, DNA methylation-dependent luciferase reporter
assays confirmed that the transcriptional activity of Erdr1 was higher in the myofibroblasts with mutant
plasmid (no CpG DNA at regions from −896 bp to −842 bp) than those with the WT plasmid after
TGF-β1 stimulation (figure 6m). Collectively, our data support that TGF-β1 induces Mbd2 overexpression
in the lung fibroblasts by enhancing TβRI-Smad3 signalling, and Mbd2 in turn exacerbates TGF-β1
induced Smad2/3 activation; TGF-β1 also induces fibroblasts to undergo a global DNA hypermethylation,
particularly for the Erdr1 promoter, and Mbd2 binds to the methylated CpG DNA to repress Erdr1
expression.

Erdr1 functions as a repressor to inhibit fibroblast differentiation
Next, we sought to address the functional relevance of Erdr1 expression in fibroblast differentiation. We
first conducted immunostaining of BLM-induced lung sections. Remarkably, Mbd2−/− fibroblasts were
featured by the significantly higher number of α-SMA−Erdr1+ cells, while WT fibroblasts were
characterised by the markedly higher number of α-SMA+Erdr1− cells (figure 7a), suggesting that Erdr1
may suppress fibroblast differentiation. Next, WT lung fibroblasts were first transduced with mock or
Erdr1 lentiviruses followed by TGF-β1 stimulation. RT-PCR confirmed a six-fold increase of Erdr1
expression in Erdr1-transduced fibroblasts as compared to that of mock-transduced fibroblasts (figure 7b).
As expected, compared to mock-transduced fibroblasts, Erdr1-transduced fibroblasts featured the
significantly reduced expression of fibronectin, collagen I and α-SMA during the course of TGF-β1
stimulation (figure 7c). Importantly, suppression of Erdr1 by siRNA in Mbd2−/− fibroblasts (figure 7d)
restored their capability to differentiate into myofibroblast following TGF-β1 stimulation (figure 7e). To
further confirm these results, we compared the expression of TGF-β downstream signalling molecules
between mock and Erdr1 lentiviral transduced fibroblasts. Before TGF-β1 stimulation, both types of
viral-transduced lung fibroblasts only displayed low levels of p-Smad2 and p-Smad3, while transduction
of Erdr1 lentivirus almost completely abolished TGF-β1-induced Smad2 and Smad3 phosphorylation
(figure 7f). Importantly, knockdown of Erdr1 by siRNA almost completely abolished the effect of Mbd2
deficiency on the suppression of fibroblast differentiation (figure 7g). Notably, Erdr1 in turn attenuated
Mbd2 expression, as evidenced by the lower Mbd2 expression in Erdr1 lentiviral transduced fibroblasts
(supplementary figure S10). Collectively, our data support that Erdr1 acts as a strong repressor in
TGF-β-induced fibroblast differentiation.

Erdr1 protects mice against BLM-induced pulmonary fibrosis
Finally, we sought to establish whether ectopic Erdr1 expression would protect mice against BLM-induced
pulmonary fibrosis. We first confirmed that transduction of Erdr1 lentiviruses (1×107 IFU) by intratracheal
injection resulted in a single-fold overexpression of Erdr1 in the lung (figure 8a). WT mice were next
subjected to induction of pulmonary fibrosis by BLM injection, and mock or Erdr1 lentiviruses were
intratracheally delivered into the lungs at day 10 after BLM induction. Indeed, transduction of Erdr1
viruses significantly alleviated BLM-induced lung fibrosis as illustrated by H&E and Masson’s trichrome
staining (figure 8b, left) and fibrotic scores (figure 8b, right). Consistently, Erdr1 lentiviral transduced
mice manifested much lower levels of hydroxyproline in the lung (figure 8c) coupled with a significant
reduction for the expression of fibronectin, collagen I and α-SMA (figure 8d). Together, our data indicate
that ectopic Erdr1 expression remarkably reversed the established pulmonary fibrosis.

Discussion
IPF is a progressive and lethal fibrosis in the interstitium of the lung, lacking effective therapies in the
clinical setting [33]. We conducted studies in patients and animals to dissect the impact of MBD2, a reader
for DNA methylome-encoded information, on the development of pulmonary fibrosis. We illustrated that
IPF patients and mice following BLM-induced pulmonary fibrosis were featured by the altered MBD2
expression and DNA methylation. Particularly, MBD2 was overexpressed in myofibroblasts within the
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lungs during the course of fibrotic processes. Therefore, loss of Mbd2 in fibroblasts or myofibroblasts
provided protection for mice against pulmonary fibrosis following BLM injection by blunting the
differentiation of fibroblast into myofibroblast. Mechanistic studies characterised a TβRI/Smad3/Mbd2/
Erdr1 positive feedback regulatory loop. Specifically, TGF-β induces Mbd2 overexpression in a TβRI/
Smad3-dependent manner, and Mbd2 selectively binds to the regions of Erdr1 promoter that contain the
hypermethylated CpG DNAs to repress its expression, through which Mbd2 enhances TGF-β/Smads
signalling to promote fibroblast differentiating into myofibroblast. The polarised myofibroblast then
secretes copious amount of fibrillary ECM proteins to cause matrix stiffness and pathological matrix
deposition in the lung mesenchyme, predisposing to the development of pulmonary fibrosis (figure 8e).
These results not only provide novel insights into the understanding of the role of DNA methylation
underlying pulmonary fibrosis, but also demonstrate evidence that targeting Mbd2 or Erdr1 could be a
viable approach to inhibit fibroblast transition.
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Although substantial effort has recently been devoted to dissect the patho-aetiology underlying pulmonary
fibrosis, the exact molecular mechanisms remain poorly understood. This lack of related information has
significantly hampered the development of novel and effective therapies against this devastating disorder,
which renders the 5-year survival rate of IPF patients <30% after diagnosis. It is noted that the occurrence
of methylation within the gene of CpG islands is closely related to fibrosis, including pulmonary fibrosis
[34], liver fibrosis [35], renal fibrosis [36], cardiac fibrosis [37] and skin fibrosis [38]. Herein, we
demonstrated that lungs originated from IPF patients and mice with onset of pulmonary fibrosis display
altered DNA methylation coupled with MBD2 overexpression. These observations are consistent with
previous studies, in which an altered DNA methylation profile was noted in the lungs of IPF patients
[9, 10]. Moreover, the levels of DNA methylation-related proteins, such as DNA methyltransferase 1
(Dnmt1), Dnmt3a, Dnmt3b, MeCP2 and Mbd2 were highly elevated in the lungs of rat pneumoconiosis
model, and suppression of DNA methylation by 5-aza-dC, a Dnmt inhibitor, significantly attenuates
pulmonary fibrosis [39]. Together, these data support that DNA methylation is implicated in the
pathogenesis of pulmonary fibrosis, but the underlying mechanisms are yet to be fully addressed.
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The most exciting discovery in this report is that TGF-β1 induces lung fibroblasts to undergo a global
DNA hypermethylation along with Mbd2 overexpression. The induced Mbd2 then selectively binds to the
methylated CpG DNA within the Erdr1 promoter without affecting the methylation levels within the Erdr1
promoter, by which Mbd2 represses Erdr1 expression to promote the differentiation of fibroblast into
myofibroblast, thereby predisposing to the development of IPF. Interestingly, Mbd2 did not seem to have a
significant impact on fibroblast migration, proliferation or apoptosis. It seems contradictory in terms of
global DNA hypomethylation and hypermethylation of the Erdr1 promoter in the setting of pulmonary
fibrosis. In fact, regulatory mechanisms underlying DNA methylation during the progression of pulmonary
fibrosis are very complicated. It is seemly that the effects of DNA methylation on pulmonary fibrosis are
dependent on the hypomethylation of genes in favour of fibrosis along with the hypermethylation of
critical genes against fibrosis in key types of cells (e.g. macrophages and fibroblasts), rather than the global
hypomethylation or hypermethylation in DNAs derived from the lungs or cells. For example, Thy-1, a
“fibrosis suppressor” gene, has been noted to be regulated by DNA methylation. Specifically, the fibroblast
Thy-1 promoter region undergoes a DNA hypermethylation upon the stimulation of fibrotic factors, which
blunts Thy-1 expression and causes persistent differentiation of fibroblasts during the course of pulmonary
fibrosis [40].

The critical issue is the strategies to dissect the pathways relevant to Mbd2 regulation of fibroblast
differentiation. Previous studies suggested compelling evidence that TGF-β/Smads signalling is a common
feature of fibrotic diseases and has been shown contributing to the transition of fibroblast [5, 6, 41]. These
observations prompted us to focus on the canonical TGF-β signalling in our case. Indeed, we found that
Mbd2 overexpression in fibrotic condition was dependent on the canonical TGF-β signalling and
characterised that TβRI and Smad3 act as the essential mediators. Additionally, loss of Mbd2 markedly
inhibited TGF-β1 induced Smad2 and Smad3 phosphorylation as displayed by the significantly lower
levels of p-Smad2 and p-Smad3 in Mbd2−/− fibroblasts as compared to that of WT fibroblasts.
Collectively, those data provided evidence supporting that Mbd2 enhances canonical TGF-β signalling,
thereby contributing to the persistent fibroblast differentiation in pulmonary fibrosis.

The last important question is how Mbd2 promotes TGF-β/Smads signalling. RNA-seq was then employed
to address the underlying mechanisms. Erdr1, a stress-related survival factor, which has been found to
attenuate rheumatoid arthritis by inhibition of synovial fibroblast migration [32], was identified with a
6.5-fold increase in Mbd2−/− fibroblasts compared to that of WT fibroblasts. Interestingly, under
physiological conditions, the Erdr1 promoter was hypomethylated. In contrast, upon TGF-β1 stimulation,
the Erdr1 promoter in fibroblasts underwent a steady DNA hypermethylation, and Mbd2 selectively bound
to the methylated CpG DNA, by which it suppressed Erdr1 expression. Given the fact that Mbd2 itself
does not affect DNA methylation rather by interpreting the effect of DNA methylation on the suppression
of gene expression [42], and therefore, Mbd2 deficiency rendered a failure to decipher the information
encoded by the change of DNA methylation in the Erdr1 promoter following TGF-β1 stimulation,
although the change of DNA methylation was indeed induced. We further adopted gain and loss of
function studies and confirmed that Erdr1 acts as a negative regulator to suppress fibroblast differentiation
by inhibiting TGF-β/Smads signalling. In line with these results, intratracheal administration of Erdr1
lentivirus significantly attenuated BLM-induced pulmonary fibrosis. Since ectopic Erdr1 expression was
administrated during the “fibrotic” phase of the model, it was more applicable and reflective to the clinical
management of IPF patients.

Our study has some limitations. As no commercial antibodies for human ERDR1 could be obtained at
present, we did not detect the protein level of ERDR1 in the lungs from IPF patients and control subjects,
despite that we obtained consistent results by RT-PCR analysis. Although we demonstrated that Mbd2 was
upregulated by TGF-β1 in a TβR1/Smad3-dependent manner, but the detailed mechanisms are yet to be
fully elucidated. Furthermore, in the current study we did not address how Erdr1 as a highly conserved
autocrine factor represses TGF-β/Smads signalling, which would be a major focus for our follow-up studies.

In summary, we have demonstrated that lungs originated from IPF patients and mice with onset of
pulmonary fibrosis are characterised by the altered DNA methylation along with MBD2 overexpression.
Therefore, loss of Mbd2 in fibroblasts or myofibroblasts protected the mice from BLM-induced lung
fibrosis. Mechanistically, we have identified a positive feedback regulatory loop between TβRI, Smad3,
Mbd2 and Erdr1. Specifically, the activation of TβRI/Smad3 signalling induces Mbd2 overexpression, and
Mbd2 in turn further enhances TGF-β/Smads signalling through repressing the expression of Erdr1. Upon
TGF-β1 stimulation, fibroblasts undergo a global DNA hypermethylation along with Mbd2 overexpression.
Erdr1 acts as a negative regulator to inhibit fibroblast differentiation into myofibroblast, while CpG DNAs
within the Erdr1 promoter becomes highly methylated following TGF-β1 stimulation, and Mbd2
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selectively binds to those methylated CpG DNAs to repress Erdr1 expression, by which Mbd2 promotes
fibroblast differentiation to exacerbate pulmonary fibrosis. Given the fact that Mbd2 itself does not involve
the changes of DNA methylation and appears to be dispensable under physiological condition, our data
support that strategies aimed at silencing Mbd2 or increasing Erdr1 could be a viable therapeutic approach
for prevention and treatment of pulmonary fibrosis in clinical settings.
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