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ARTICLE INFO ABSTRACT

Keywords: Aberrantly activated Wnt signaling pathway and dysregulation of extracellular antagonists of Wnt signaling have
Secreted frizzled-related protein been revealed in pulmonary fibrosis. In this study we evaluated the expression of secreted frizzled-related
Hypermethylation proteins (SFRPs) and their aberrant promoter methylation to investigate the involvement of epigenetic regula-
Pulmonary fibrosis tion in pulmonary fibrosis. The pulmonary fibrosis induced by intratracheal injection of bleomycin (BLM) into
ilhecoemycm mice was adopted. The transcription and relative protein expression of SFRPs were detected at Day 7 (D7), D14,

and D21. DNA methylation analysis was performed by methylation-specific polymerase chain reaction (MSP). A
DNA methyltransferase (DNMT) inhibitor (5-aza-2’-deoxycytidine; 5-aza) was used for demethylation and the
relative P-catenin expression levels were measured to assess overactivity of the canonical Wnt signaling
pathway. The transcription and protein expression of SFRP1 significantly decreased at D14 and D21, whereas the
transcription and protein expression of SFRP4 significantly decreased at D7 and stayed downregulated until D21.
The significantly hypermethylated promoters of SFRP1 and SFRP4 resulted in impaired transcription and de-
creased expression during pulmonary fibrosis in mice. Besides, reactivation of SFRP1 and SFRP4 by 5-aza re-
duced B-catenin mRNA and protein expression in vivo and in vitro. Animal experiments confirmed that 5-aza
could significantly alleviate bleomycin-induced pulmonary fibrosis in mice. Thus, changes of promoter hy-
permethylation might downregulate SFRP1 and SFRP4 at different stages of pulmonary fibrosis, and the finding
supports the usefulness of DNMT inhibitors, which might effectively reverse activation of B-catenin and reduce
pulmonary fibrosis in mice. These data provide a possible new direction in the research on pulmonary fibrosis
treatments.

1. Introduction

Pulmonary fibrosis is a chronic, progressive and fatal disease.
Although the etiology is still unclear, some commonly used drugs and
special environmental factors, and even abnormal regulation of im-
munity (i.e., autoimmunity) may be responsible [1]. The pathophysio-
logical characteristics include the following: infiltrating inflammatory
cells are observed at the early stage of pulmonary fibrosis; these cells
induce excessive proliferation and aberrant activation of fibroblasts,
which ultimately generate an abundant extracellular matrix and col-
lagen fibrin deposition. These characteristics are recognized by most
researchers at present. The exact mechanism remains poorly under-
stood, but many signaling pathways are involved.

Some research has revealed that the canonical Wnt signaling
pathway, which is essential for fibroblast activation, is important in

pulmonary fibrosis, and aberrant expression levels of endogenous Wnt
antagonists are important regulating factors for activation of the Wnt
signaling pathway [2-9]. As the commonest Wnt antagonists, secreted
frizzled proteins (SFRPs) can competitively bind to the Wnt ligand or
the Frizzled receptor and form nonfunctional complexes via a cysteine-
rich domain (CRD), which is 30-50% identical to the Wnt ligand and
the Frizzled binding domain [10]. The SFRPs are subdivided into two
closely related subgroups according to gene sequence homology:
SFRP1, SFRP2, and SFRP5 form one subgroup, whereas SFRP3 and
SFRP4 form the other [11]. Downregulation of SFRPs is involved in
various fibrotic diseases, such as skin fibrosis in systemic sclerosis [12],
myocardial fibrosis [13], or renal fibrosis [14] in mice. On the other
hand, upregulated SFRPs can inhibit proliferation of fibroblasts in dif-
ferent tissues [8,15,16], and reduce the production of extracellular
cellulose [17] and apoptosis induced by cellular stress [18].
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Growing evidence indicates a pivotal role of epigenetics in the onset
and progression of pulmonary fibrosis [19-21]. As a classic epigenetic
modification, DNA methylation, which predominantly occurs at the
fifth carbon atom of cytosine residues of the CpG dinucleotide, is con-
trolled by DNMTs, methyl-CpG-binding proteins, and other factors. The
methylation-based modification may result in abnormal recombination
of chromatin, and this process subsequently interferes with the re-
cruitment of transcriptional coactivators and inhibits gene transcription
as well [22]. Besides, DNA methylation changes are mostly mediated by
DNA methyltransferases (DNMTs) in CpG islands, and this process
mainly involves DNMT1, DNMT3A and DNMT3B in mammals. As an
analog of 2’-deoxycytidine, the clinically used decitabine (5-aza-2’-
deoxycytidine; hereafter: 5-aza) is reported to be the most effective
inhibitor of DNA methylation [23,24] and can reactivate the expression
of Wnt antagonists by reducing promoter hypermethylation [12,25].

The silenced or decreased expression of Wnt antagonists induced by
promoter hypermethylation (which could activate Wnt signaling path-
ways) has been detected in some tumors and fibrotic diseases
[12,25-27]. Although abnormal activation of the Wnt signaling
pathway is also present in pulmonary fibrosis, changes of the expression
and methylation of SFRPs in the course of this disease are still un-
known. Therefore, the aim of our study was to assess the expression of
Wnt antagonists (SFRPs) and their promoter methylation modification
during pulmonary fibrosis.

2. Materials and methods
2.1. Establishment of experimental animal model

Male C57BL/6 mice of Specific Pathogen Free (SPF) grade,
7-8 weeks old, weighing about 20-25 g, were purchased from Beijing
Vital Lihua Experimental Animal Technology Co., Ltd., and were used
in all experiments. After conventional maintenance for a week, the mice
underwent intratracheal instillation with 5.0 mg/kg bleomycin (Nippon
Kayaku Co., Ltd., Tokyo, Japan) in 100 ul of normal saline (NS) for
establishing a pulmonary fibrosis model as previously described
[19,28]. The control animals were intratracheally injected with the
same volume of NS. All procedures were approved by the Capital
Medical University Animal Experiment and Experimental Animal Wel-
fare Committee (ethical number: AEEI 2018007).

2.2. Animal grouping and model preparation

72 mice were randomly subdivided into an experimental group
(BLM-group) and control group (NS-group). Ten to 12 mice were sub-
jected to radiographic assessment of pulmonary fibrosis on Day 7 (D7),
D14, and D21, then the mice were euthanized by excessive inhalation of
isoflurane, and the serum and lung tissue were collected for subsequent
experiments.

In the following experiment, the mice were randomly distributed
into four groups (8 mice per group): NS + Vehicle group, NS + 5-aza
group, BLM + Vehicle group, and BLM + 5-aza group. One day after
bleomycin instillation, the mice were injected intraperitoneally with 5-
aza (Selleck Chemicals, CAS number 2353-33-5) with 2.5 mg/kg every
2 days or 300 ul NS as a control [12]. On the 21st day, six to eight mice
for each group were scanned by computed tomography (CT) and pro-
cessed according to the above method.

2.3. Isolation and culture of primary lung fibroblasts

Primary lung fibroblasts from the mice were isolated and cultured as
previously described [29,30]. Briefly, the lungs of mice at different
times points were immersed in ice-cold 1 x PBS, and completely rid of
the pleura and vessels immediately. After repeated rinsing, the lung
tissue was cut into small tissue blocks of 1 X 1 mm size, which were
placed in flasks and cultivated in the DMEM (Gibco) medium

242

Life Sciences 218 (2019) 241-252

supplemented with 10% fetal bovine serum (FBS) (Gibco, USA), 1% of a
penicillin-streptomycin solution (Lablead, China), and 1% 1-glutamine
(Caisson, USA). After lung fibroblasts migrated, the blocks were re-
moved with forceps, and the primary lung fibroblasts were used in the
subsequent experiment.

CT scanning of mouse lung.

All CT images were acquired and visualized in a Bruker SkyScan
1176 in-vivo micro-CT scanner (Bruker Corporation, Germany). The
mice were scanned after inhalation anesthesia, and approximately 140
to 150 layers covered the entire lungs. Pulmonary density of images
was assessed with Hounsfield units (HU) by methods published in other
studies [31,32]. Briefly, 10 circles (regions of interest) with a diameter
of 2mm in the representative layers of the main bronchi (two circles),
below the main bronchi (four circles), and below the trachea (four
circles) were selected, with avoidance of the main vessels. Next, the
average HU values of the circles in the three layers were calculated
separately, which evaluated the pulmonary density of the upper,
middle, and lower lung regions. The fibrosis in mouse lung CT images
was calculated as described elsewhere [33,34]. And the scores on
images were categorized into five grades according to the affected area:
grade 0, no obvious tissue changes, no tissue patch or fibrosis; grade 1,
mild changes, involved lung area is < 25%; grade 2, a moderate
change, 25% to 50% of the lung is involved; grade 3, a severe change,
50% to 75% of the lung is involved; grade 4 terminal changes, the in-
volved lung area is > 75%. These characteristic CT changes of ground-
glass opacity, reticular pattern, and fibrosis stranding were evaluated
separately. Then, the sum of the three indicator scores was calculated as
the total pulmonary fibrosis score. Finally, the image analysis was in-
dependently evaluated by two investigators.

2.4. Histological examination

Fresh lung samples of mice were perfused and fixed with 4% par-
aformaldehyde (Solarbio, Beijing, China) for > 24 h. After dehydration,
the samples were embedded in paraffin and sectioned at 4 um thickness.
The paraffin sections were stained with hematoxylin and eosin (HE) and
Masson's reagent (Solarbio, Beijing, China). The degree of alveolitis was
evaluated by HE staining according to the method of Szapiel et al. [35],
with 0 meaning normal lung tissue; 1 denoted mild lung tissue in-
flammation, which meant that inflammatory cell infiltration was lim-
ited to local or near-pleural area, and the area was no > 20% of the
lungs; 2 indicated moderate lung tissue inflammation: the affected area
accounted for 20% to 50% of the whole lung; and 3 represented severe
lung tissue inflammation, which meant that the affected area was >
50%. The severity of pulmonary fibrosis was scored by Masson
staining, according to the standards of Ashcroft et al. [36]. The degrees
of fibrosis were classified into grades 0-8, and the grade number cor-
responded to the score. Normal tissue was assigned a grade of 0, while
the intensity of thickening of alveolar wall and bronchiolar vessels, with
no damage to lung structure, was graded 2 or 3 depending on whether
thickening was threefold relative to the norm. Formation of a fibrous
mass and confluent distortion of structure was graded 4 or 5 depending
on whether the affected area was > 10%. Severe contiguous fibrotic
masses with the affected area being > 50% and formation of the air
bubbles, which meant an alveolar cavity filled with fibrous tissue, were
graded 6 or 7. Fibrous obliteration was graded 8. If there was any
difficulty in scoring between two consecutive numbers, an intervening
score was used.

2.5. Reverse transcription quantitative real-time polymerase chain reaction
(RT-qPCR)

Total RNA was isolated from fresh lung samples of mice, and the
primary lung fibroblasts were isolated using the Simple Total RNA Kit
(Tiangen Biotech Co., Ltd., Beijing, China). The Revert Aid First Strand
cDNA Synthesis Kit (Tiangen Biotech Co., Ltd., Beijing, China) was
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Table 1
Sequences of primers used for PCR in this study.
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Table 2
Sequences of primers for methylation (M) and unmethylation (U) DNA.

Target Primer sequence Target Primer sequence

SFRP1 Forward:5-GAGCCGGTCATGCAGTTCTT-3" SFRP1 Methylation Forward:5-TTAGGGTTCGGTTATTCGTATATC-3"
Reverse:5-GGCTTAGAGGCTTCCGTGGT-3" Reverse:5’-ACCGAATACTATCCCGACTCG-3"

SFRP2 Forward:5-AACGACATCAACGCTCCGTA-3’ Unmethylation =~ Forward:
Reverse:5-TGCGCTTGAACTCTCTCTGG-3" 5-GATTTAGGGTTTGGTTATTTGTATATTG-3"

SFRP3 Forward:5’-GCTGCCTCTGTCCTCCACTT-3" Reverse:5’-AAACCAAATACTATCCCAACTCAC-3
Reverse:5-CAAGCCGATCCTTCCACTTC-3" SFRP4  Methylation Forward:5-GTTGTTGAGTTTACGTTAGGGGAC-3"

SFRP4 Forward:5’-CTCCATCCTGGTGGCGTTAT-3" Reverse:5-GCGAAAAACTCCAATCTCGAA-3’
Reverse:5’-CGTTCTCCTGAGTGCTGTGG-3’ Unmethylation Forward:5-GGTTGTTGAGTTTATGTTAGGGGAT-3"

SFRP5 Forward:5’-ATGCTGCACTGCCACAAGTT-3" Reverse:5’-CCACAAAAAACTCCAATCTCAAA-3’
Reverse:5-TGTGCTCCATCTCACACTGG-3’

B-catenin Forward:5-GGCAACCCTGAGGAAGAAGA-3’ SFRP1: secreted frizzled-related protein 1, SFRP4: secreted frizzled-related
Reverse:5-AGCGTCAAACTGCGTGGAT-3’ protein 4.

DNMTI1 Forward:5’-ATTCCACCAAGCAGGCATCT-3’
Reverse:5-AAGCACGTTGCAGTCCTCTG-3" . . pe

coL1 Forward:5-TCGTGGTGAGACTGGTCCTG-3’ 2.7. Methylation-specific PCR
Reverse:5-TGTCACCTTGTTCGCCTGTC-3’

a-SMA Forward:5"-GAGCATCCGACACTGCTGAC-3 Genomic DNA was isolated from fresh lung samples of mice by
Reverse:5-GCACAGCCTGAATAGCCACA-3 means of the TIANamp Genomic DAN Kit (Tiangen Biotech Co., Ltd.,

B-actin Forward:5’-TGGAATCCTGTGGCATCCATGAAAC-3’

Reverse:5-TAAAACGCAGCTCAGTAACAGTCCG-3’

SFRP1: secreted frizzled-related proteinl, SFRP2: secreted frizzled-related pro-
tein 2, SFRP3: secreted frizzled-related protein3, SFRP4: secreted frizzled-re-
lated protein 4, SFRP5: secreted frizzled-related protein5, DNMT1: DNA me-
thyltransferase 1, COLI: collagen I, a-SMA: a-smooth muscle actin.

employed for RNA reverse transcription, and the SYBR Prime Script RT-
PCR Kit (Takara Biotechnology Co., Ltd., Dalian, China) for quantitative
PCR (qPCR). RT-qPCR was implemented on an ABI Prism 7500 in-
strument (Applied Biosystems, Foster City, CA, USA) with the prede-
signed primers (the sequences of the primers are listed in Table 1). The
gene transcription was quantified via a standard curve by the com-
parative Ct method with normalization to (-actin transcription. The
274¢ method (ACt = Ct of gene — Ct of f-actin) was used [37]. All
samples were examined in triplicate, and the experiment was repeated
at least three times.

2.6. Western blot

Total protein of collected lung tissues and cells was extracted with
the Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime Biotech
Co., Ltd., Shanghai, China). Samples, after quantification quantified by
the BCA method, were loaded onto gels, electrophoretically separated
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), and transferred onto a polyvinylidene fluoride (PVDF) mem-
brane (Roche Diagnostics Corporation, Indianapolis, IN, USA) using an
electrophoresis system (Bio-Rad, Hercules, CA, USA). The membranes
were sheared, and after blockage with 5% nonfat milk for 1h at room
temperature, they were separately incubated with primary antibodies
overnight at 4 °C. Antibodies against the following proteins were em-
ployed: SFRP1 (1:200, cat. Ab4193, Abcam, Cambridge, UK), SFRP4
(1:1000, cat. Ab154167, Abcam, Cambridge, UK), DNMT1 (1:1000, cat.
Ab188453, Abcam, Cambridge, UK), COL1 (1:500, cat. Ab21286,
Abcam, Cambridge, UK), a-SMA (1:1000, cat. Ab5694, Abcam,
Cambridge, UK), B-actin (1:3000, cat. 3700S, Cell Signaling
Technology; Boston, USA). Then, a secondary antibody, i.e., a horse-
radish peroxidase—conjugated goat anti-rabbit IgG antibody (1:2000,
cat. A0208. Beyotime Biotech, Shanghai, China), was applied. The
bands were visualized on a double infrared laser scanning imaging
system (LI-COR Biosciences, Lincoln, NE, USA). The semi-quantitative
results out of these Western blot films were calculated by image J
software (version 1.42, National Institutes of Health, USA), and the
relative expression levels of these proteins were respectively normal-
ized to their internal control of B-actin. The measurement of inter-
membrane (IM) normalization was used to balance the difference
among gels [38,39].
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DP304, Beijing, China) (10 to 12 mice from each group). For bisulfite
transformation of DNA, 200 ng of genomic DNA was processed using
the Sodium Bisulfite Kit (Tiangen Biotech Co., Ltd., DP5, Beijing,
China). The sequences of the primer pairs for SFRP1 and SFRP4, which
were used for amplification of methylated (M)- and unmethylated (U)
DNA, were designed in the Methprimer Software (Li and Dahiya, 2002)
and are listed in Table 2. PCR was conducted with the Methylation
Specific PCR Kit (Tiangen Biotech Co., Ltd., EM101, Beijing, China)
with an initial denaturation step of 95°C for 5min, followed by
35 cycles of denaturation at 94 °C for 20s, annealing at the respective
Ty for each set of primers (60 °C for SFRP1 and 62 °C for SFRP4) for
30s, and extension at 72 °C for 5 min. Next, the mixed amplified pro-
ducts (5l for each reaction) and ethidium bromide (1 pl for each re-
action) were loaded onto a 2% agarose gel, subjected to electrophoresis,
and visualized under ultraviolet illumination. The methylation status of
SFRP1 and SFRP4 was investigated as previously described [40] and the
methylation rate (M /(M + U)) was calculated according to the pro-
moter methylation status within each group of mice.

2.8. Statistical analysis

The statistical software package (SPSS 19.0; SPSS, Inc., Chicago, IL,
USA) was used, and the results were expressed as mean # SD. The t-
test for comparison of two groups and One-way analysis of variance
(ANOVA) and Scheffe Post Hoc Tests for multiple group comparisons
were used. The correlation between the data was analyzed, and the
linear correlation coefficient was calculated by Spearman's formula.
Values at p < 0.05 were considered statistically significant.

3. Results

3.1. The SFRP1 and SFRP4 were downregulated in bleomycin-induced
pulmonary fibrosis in mice

The comprehensive assessment of histopathology (Fig. S1), bio-
chemical methods (Fig. S2), and lung CT imaging (Fig. S3) were con-
ducted to verify the significant increased alveolitis and pulmonary fi-
brosis in C57BL/6 mice treated with bleomycin, when compared with
the control group (saline injection), at D7, D14, and D21 (see online
Supplementary Data 1).

Over the course of pulmonary fibrosis in mice, we found that the
transcription of SFRP1 and SFRP4 significantly changed. When com-
pared with the control group, the transcription of SFRP1 decreased
significantly at D14 (2.65 = 0.53vs. 1.34 = 0.63,p < 0.01) and D21
(2.75 * 0.66 vs. 1.06 = 0.57, p < 0.001), and the level gradually
decreased during the course of pulmonary fibrosis (D7 vs. D14 vs. D21:
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Fig. 1. The expression levels of SFRP1 and SFRP4 were downregulated in lung tissue of bleomycin-induced pulmonary fibrosis in mice. The relative expression levels
of SFRP1 and SFRP4 of lung tissue from the NS-group and BLM-group were evaluated by Western blotting (C) and RT-qPCR (A and B) at D 7, D 14 and D 21
respectively. D and E: the ratios of expression levels of SFRP1 and SFRP4 to B-actin, which were subsequently normalized by the IM normalization of the average
signal value of B-actin at D7. Six to eight mice were randomly selected from each group. Graphs showed mean *+ SD for each group. *p < 0.05, **p < 0.01,

**5p < 0,001,

210 £ 1.01 wvs. 1.34 = 0.63 vs. 1.06 = 0.57, p < 0.05).
Accordingly, the protein expression of SFRP1 gradually decreased as
well (D7 vs. D14 vs. D21: 0.60 = 0.14 vs. 0.48 = 0.12 vs.
0.27 + 0.08, p < 0.01). Meanwhile, the transcription (3.34 + 1.65
vs. 1.87 += 0.81, p < 0.01) and protein expression (1.42 = 0.13 vs.
0.52 = 0.08, p < 0.001) of SFRP4 decreased significantly at D7, and
stayed lowered over the course of the disease (D7 vs. D14 vs. D21,
mRNA expression: 2.09 = 0.60 vs. 1.89 * 0.69 vs. 2.56 = 0.62,
p = 0.069, protein expression: 0.52 * 0.08 vs. 0.57 = 0.15 vs.
0.48 = 0.21,p = 0.66), as shown in Fig. 1. The low transcription levels
of SFRP2, —3 and —5 did not represent a significant difference be-
tween the experimental group and control group (Fig. S4).
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To evaluate the relation between pulmonary fibrosis and abnormal
expression of SFRP1 and SFRP4, we conducted the correlation analysis
(see online Supplementary Data 3). The changes in expression of SFRP1
and SFRP4 were associated with fibrotic lesions (Fig. S4), which ne-
gatively correlated with fibrosis scores based on pathology (SFRP1:
r= —0.526, p < 0.01, SFRP4: r = —0.711, p < 0.001), and fibrosis
scores based on CT images (SFRP1: r = —0.566, p < 0.01, SFRP4:
r= —0.433, p < 0.05). In addition, the altered expression of SFRP1
and SFRP4 was negatively associated with alveolitis scores (SFRP1:
r= —0.377,p < 0.05, SFRP4: r = —0.427,p < 0.01).
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Fig. 2. The promoters of SFRP1 and SFRP4 were hypermethylated in lungs from BLM-treated mice (BLM-group) when compared with the NS-group (the control). (A)
Representative images of agarose gels of the methylation-specific PCR products (M) and unmethylated PCR products (U) from eight samples were shown. (B) The
relative ratios of methylation (M /(M + U)) of SFRP1 and SFRP4 were higher in the BLM-group than in the control. (C) and (D) The changes of relative ratios of
methylation of SFRP1 or SFRP4 in the course of pulmonary fibrosis in mice (10 to 12 mice were randomly selected from each group). (E) and (F) The relative
expression levels of DNMT1 in the lung tissue from the NS-group and BLM-group were evaluated by RT-qPCR (E) and Western blotting (F) at D7, D14, and D21
respectively. (G) The ratios of expression levels of DNMT1 to -actin were shown, which were subsequently normalized by the IM normalization of the average signal
value of B-actin at D7 (six to eight mice were randomly selected from each group). Data were obtained from three independent experiments. *p < 0.05, **p < 0.01,

*xxp < 0.001.

3.2. Promoters of SFRP1 and SFRP4 were hypermethylated in the lungs of
bleomycin-treated mice

Epigenetics is an important regulatory mechanism for the expres-
sion of SFRPs. Besides, according to various reports [12,49,51], MSP is
a sensitive method for detection of promoter methylation of SFRP
genes. Hence, the methylation states of promoters, including those of
SFRP1 and SFRP4, were analyzed by MSP in this study. The methylation
rates of SFRP1 promoter (0.22 * 0.03 vs. 0.47 = 0.03,p < 0.01) and

SFRP4 promoter (0.17 + 0.02 vs. 0.54 + 0.02, p < 0.001) were sig-
nificantly higher than those in the control group (Fig. 2A, B). The
promoter methylation of SFRP1 occurred at D14 (0.24 + 0.05 vs.
0.42 * 0.08,p < 0.05, relative to the control), and the rate gradually
increased over the course of the disease (D7 vs. D14 vs. D21:
0.30 = 0.05 vs. 0.42 += 0.08 vs. 0.70 = 0.05, p < 0.001). In con-
trast, the hypermethylation of SFRP4 occurred at D7 already
(0.17 £ 0.06 vs. 0.52 + 0.05, p < 0.001, relative to control), and
there was a sustained decrease over the course of the disease (D7 vs.
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D14 vs. D21: 0.52 = 0.052 vs. 0.44 += 0.048 vs. 0.66 * 0.053,
p < 0.01) (Fig. 2C, D). Furthermore, we also found the transcription
(D21: 1.21 * 0.60 vs. 3.66 = 0.67, p < 0.001) and protein expres-
sion (D21: 0.42 = 0.12vs. 0.90 = 0.15,p < 0.01) of DNMT1, which
might facilitate DNA hypermethylation, also significantly increased in
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the fibrosis model during the study period (Fig. 2E-G).

To confirm that the decreases of transcription and protein expres-
sion of SFRP1 and SFRP4 are due to hypermethylation, we incubated a
DNA methyltransferase inhibitor (5-aza) with the primary lung fibro-
blasts that were isolated from the bleomycin group and the control
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group. As presented in Figs. 3, 5-aza significantly inhibited the tran-
scription (bleomycin group vs. bleomycin + 5-aza group: 2.52 + 0.60 vs.
1.43 + 0.54, p < 0.05) and protein expression (bleomycin group vs.
bleomycin + 5-aza group: 0.73 + 0.10 vs. 0.55 = 0.11, p < 0.05) of
DNMT1. When compared with the NS group, the transcription (SFRP1:
2.14 = 0.43 vs. 091 * 0.11, p < 0.01 and SFRP4: 3.09 = 0.39 vs.
1.27 + 0.76, p < 0.001) and protein expression (SFRP1:0.62 = 0.10
vs. 0.28 = 0.08, p < 0.01, SFRP4: 1.25 *+ 0.23 vs. 0.58 = 0.21,
p < 0.001) of SFRP1 and SFRP4 significantly decreased. Nonetheless,
after incubation with 5-aza, the impairment of transcription (SFRPI1:

0.91 = 0.11 vs. 1.80 = 0.24, p < 0.001, SFRP4: 1.27 + 0.76 vs.
3.76 £ 1.13, p < 0.01) and of protein expression (SFRPI:
0.28 = 0.08 vs. 0.60 £ 0.14, p < 0.01, SFRP4: 0.58 * 0.21 vs.
1.02 + 0.08, p < 0.01) of SFRP1 and SFRP4 in fibroblasts from the

bleomycin was attenuated, and these parameters became almost com-
parable to those of fibroblasts from the control group.

Thus, in the model of pulmonary fibrosis, the downregulated mRNA
and protein levels of SFRP1 and SFRP4 are related to the hy-
permethylation of their promoters at different stages of the disease. And
the inhibitor of DNMTs (5-aza) could reactivate the expression of SFRP1
and SFRP4.

3.3. 5-Aza can downregulate 3-catenin in vivo and in vitro

As the key regulatory protein, P-catenin is always used as the
marker for activation of canonical Wnt signaling pathway. In this study,
the upregulated transcription (2.14 = 0.49 vs. 3.46 *= 0.66,
p < 0.01) and protein expression (0.97 * 0.14 vs. 1.30 = 0.21,
p < 0.01) of B-catenin were verified in the primary lung fibroblasts
from the bleomycin-treated group. After incubated with 5-aza, the
transcription of f-catenin significantly decreased (3.46 = 0.66 vs.
2.44 + 0.41, p < 0.01). In the subsequent analysis of experimental
lung tissue, treatment with 5-aza prevented the bleomycin-induced
increase in the transcription (3.94 + 0.71 vs. 2.86 * 0.59,p < 0.05)
and protein expression (1.62 + 0.16 vs. 0.92 = 0.16, p < 0.01) of B-
catenin. In contrast, 5-aza had only a minor effect on p-catenin in the
control mice, as shown in the Fig. 4.

DNMT inhibitors can reduce the pulmonary fibrosis in the bleo-
mycin-treated mice.

As depicted in Fig. 5, the intraperitoneal injection of 5-aza sig-
nificantly reduced alveolitis scores (2.09 = 0.60 vs. 1.36 = 0.35,
p < 0.05) and fibrosis scores (4.13 * 1.87 vs. 2.46 *= 0.78,
p < 0.05) (Fig. 5A-D) in the lungs of mice challenged with bleomycin.
Besides, this treatment downregulated the transcription of CLOlal
(6.76 = 2.17vs. 4.07 = 0.98,p < 0.05) and a-SMA (9.18 + 2.02vs.

6.52 + 2.10, p < 0.05), as well as the protein expression of CLO1lal
(1.65 + 0.27vs.1.00 + 0.23,p < 0.01) and a-SMA (1.87 * 0.36 vs.
1.22 * 0.21, p < 0.01) (Fig. 5E-I). Besides, the pulmonary densities

on lung CT images of the upper part of the lung (—378 * 70 vs.
—560 = 20,p < 0.001), of the middle part of the lung (—430 *= 46
vs. —667 = 51, p < 0.001), and of the lower part of the lung
(—385 * 34vs. —670 = 47,p < 0.001) decreased in the mice with
pulmonary fibrosis challenged with 5-aza, as did the pulmonary fibrosis
scores (9.21 * 2.09 vs. 5.76 * 2.29, p < 0.01) according to the
images (Fig. 6). Furthermore, as for the side effects, the treatment with
5-aza had a minor effect on weight in the control group (2.80 * 0.71
vs. 0.33 = 3.10, p > 0.05), but significantly attenuated the body
weight loss in the bleomycin group (—2.89 *= 4.67 vs. 2.39 *= 1.43,
p < 0.05) (Fig. 6F).

4. Discussion

In this study, we demonstrated the changes in protein expression, in
transcription, and promoter methylation of SFRP1 and SFRP4 in lung
tissues of mice with pulmonary fibrosis induced by bleomycin, hoping
to determine the significance of promoter methylation in the regulation
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of Wnt antagonists in pulmonary fibrosis. First, a comprehensive as-
sessment of histopathology, biochemical assays, and lung CT imaging
confirmed the increased fibrosis and inflammation in the mouse model
of bleomycin-induced pulmonary fibrosis. Second, the significantly in-
creased promoter methylation of SFRP1 and SFRP4 resulted in their
impaired transcription and decreased protein expression during pul-
monary fibrosis in the mice, whereas 5-aza induced demethylation and
reactivated SFRP1 and SFRP4 in vitro. Third, the DNMT inhibitor ef-
fectively attenuated activation of (-catenin and reduced pulmonary
fibrosis in this mouse model.

As a classic animal model, the mice with pulmonary fibrosis induced
by a single dose (tracheal administration) of bleomycin are widely used
in research. In this study, we performed comprehensive assessment of
histopathology, biochemical methods, and lung CT imaging to evaluate
the fibrosis and inflammation in murine lungs and to confirm the suc-
cessful establishment of the pulmonary-fibrosis model. After that, the
changes in alveolitis and pulmonary fibrosis were found to be similar to
our previously published findings [19,28,31]. Besides, this study re-
vealed that the mice with pulmonary fibrosis induced by bleomycin
have an overactive Wnt signaling pathway [41], which provides the
foundation for studies on the effects of regulatory factors related to Wnt
signaling in vitro.

Resent research proved that aberrant activation of the Wnt signaling
pathway is associated with decreased amounts of Wnt antagonists in
many fibrotic diseases. In our study, the detected SFRPs belong to one
important group of endogenous antagonists of the Wnt signaling
pathway. Our results revealed that in the model of pulmonary fibrosis,
the transcription and protein expression of SFRP1 and SFRP4 both
decreased; the downregulation of SFRP1 mainly occurred at D14 and
D21, and reduced SFRP4 expression was observed already at D7.
Moreover, the expression levels of SFRP1 and SFRP4 separately corre-
lated with fibrosis scores based on histopathology and fibrosis scores
based on lung CT images (Fig. S5A-D). After the subsequent treatment
with 5-aza in vitro, we observed that the decreased expression of f3-
catenin (which is the central integrator of canonical Wnt signaling) was
accompanied by the reactivated expression of SFRP1 and SFRP4.
Besides, the antifibrotic effects of SFRP1 and SFRP2 have been con-
firmed in some models of fibrotic diseases, and a lack of SFRP1 ex-
pression induces cardiomyocyte fibrosis in heart [13] and causes pro-
liferation of lung mesenchymal cells [42], whereas a loss of SFRP4
promotes the thickening of skin in mice [43]. In contrast, increased
expression of SFRP1 can inhibit the proliferation of lung fibroblasts via
culture supernatants of mesenchymal stem cells [8], and increased
SFRP4 expression depresses the proliferation of fibroblasts derived from
the systemic sclerosis patient's skin [44]. Therefore, SFRP1 and SFRP4
may play an important role in the onset and progression of pulmonary
fibrosis.

Furthermore, we noticed that the expression levels of SFRP1 and
SFRP4 separately correlated with alveolitis scores (Fig. SSE and F); this
finding is consistent with the reports that an increased SFRP1 protein
level can relieve inflammation in ischemic heart disease by reducing
neutrophil infiltration [45], Whereas reduced SFRP4 expression causes
inflammation in adipose tissue by inhibiting the formation of capillaries
[46]. Hence, SFRPs may not only affect fibrosis but also participate in
the regulation of inflammatory. Therefore, the potential significance of
SFRPs in pathogenesis of pulmonary fibrosis needs further study in
consideration of the coexisting inflammation and fibrosis.

Converging lines of evidence suggest that DNA methylation is
widely present and performs an important function in the pathogenesis
of pulmonary fibrosis, according to epigenetics analysis at the levels of
lung tissue and fibroblasts [47,48]. Further analysis on the functional
changes in fibroblasts under the influence of aberrant methylation has
revealed that epigenetic modification of THY-1 promotes the conver-
sion of lung fibroblasts to myofibroblasts [49], whereas hypermethy-
lation of E-prostaglandin 2 decreases the expression of a specific re-
ceptor on the fibroblast surface, thereby leading to prostaglandin E2
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Fig. 4. Inhibition of DNA methyltransferases reduced B-catenin in vitro and in vivo. The relative expression levels of P-catenin from primary fibroblasts (FB),
incubated with 5-aza, were evaluated by RT-qPCR (A) and Western blotting (B, C) (n = 6 each). The relative expression levels of 3-catenin from lung tissue in mice
were evaluated by RT-qPCR (D) and Western blotting (E and F) (n = 6 each), and the IM normalization was used to balance the difference among gels. Graphs show

mean * SD. *p < 0.05, **p < 0.01, ***p < 0.001.

resistance [50]. In addition, hypermethylation of proapoptotic gene p14
(ARF) is associated with the increased antiapoptotic ability of lung fi-
broblasts [51]. In our study, the promoters of SFRP1 and SFRP4 were
mostly hypermethylated in the lung tissues from bleomycin-treated
mice. Although the significant promoter hypermethylation of SFRP1
mainly occurred at D14 and D21, and the aberrant methylation of
SFRP4 already took place at D7; these events paralleled the down-
regulated protein expression of SFRP1 and SFRP4 at different time
points. Next, interventions in vitro revealed that the aberrant promoter
methylation could be reversed by DNMT inhibitors, as confirmed by
subsequently reactivated expression of SFRP1 and SFRP4. Besides,
several studies suggest that that the promoter hypermethylation of
SFRP1 is an important factor of skin fibrosis in patients suffered sys-
temic sclerosis [12], and aberrant methylation of SFRP1 and SFRP2 is a
key cause of hyperproliferative fibroblasts in lesions of patients with
skin scars [25]. Therefore, an epigenetic modification, for instance,
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DNA methylation, may induce severe downregulation of Wnt antago-
nists, thus possibly facilitating the onset and progression of fibrosis.

In our study, SFRP1 and SFRP4 in mice with bleomycin-induced
pulmonary fibrosis also manifested promoter hypermethylation and
decreased expression, whereas a challenge with 5-aza 1day after
bleomycin instillation restored their expression in vitro and alleviated
experimental pulmonary fibrosis in mice. The generally accepted me-
chanism is as follows: 5-aza can be metabolized to form a triphosphate
deoxynucleotide in vivo, which may bind to DNMT and take place of
cytosine because of the strong affinity [23,52]. Through the competi-
tive binding to DNMT, 5-aza might block hypermethylation by reducing
the methylation at a CpG site and reviving transcription of a target
gene, and finally reverse the methylation effects in fibrosis.

Now, 5-aza, as the strongest methyltransferase inhibitor (which is
clinically used to regulate methylation in myelodysplastic syndromes
(MDS) [53]), was proved to alleviate fibrosis in several animal models.
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Fig. 5. Inhibition of DNA methyltransferases alleviated bleomycin-induced pulmonary fibrosis in mice. Representative HE-stained (A) at X 400 magnification and
Masson-stained (B) tissue sections at X 200 magnification at D21 were shown. The semi-quantitative alveolitis score (C) and fibrosis score (D) were determined by
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Graphs showed mean + SD for each group. Data were obtained from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

Appropriate administration of 5-aza can attenuate angiotensin Il-in- superoxide dismutase activities in spontaneously hypertensive rats [55]
duced cardiac fibrosis in mice [54] and reduce fibrosis in the left ven- and restores the MMP-9/TIMP-1, TIMP-2 balance during hyperhomo-
tricle; the latter change improves ECG arrhythmic profiles and cysteinemia, thereby inhibiting extracellular-matrix remodeling and
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Fig. 6. Inhibition of DNA methyltransferases alleviated lung damage and fibrosis in mice according to CT images. Lung density of the upper, central and lower region
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renal fibrosis [56]. Nonetheless, as for the fibrosis in chronic kidney
disease induced by ischemia, subcutaneously administered 5-aza fails to
attenuate fibrosis; this phenomenon might be related to the short-term
employment of 5-aza [57]. Because DNA methylation is a potentially
reversible process, systemic administration of 5-aza may relieve tran-
scriptional repression of key genes and improve disease outcomes; these
data may provide a new potential direction for the treatment of pul-
monary fibrosis. Moreover, as a clinically used antitumor drug, 5-aza

has fairly good tolerability, and in our study, intraperitoneal adminis-
tration of 5-aza did not cause a significant weight loss.

Our study has several important limitations. First, a variety of Wnt
protein subtypes and receptor subtypes undergo changes in pulmonary
fibrosis; with which subtypes SFRPs (SFRP1 and SFRP4) interact and on
which subtypes they exert biological function is still unclear, and these
need further research. Second, as for the complexity of the pathogenesis
of pulmonary fibrosis, intraperitoneal injection of a DNMT inhibitor (5-
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aza) can not only modify the methylation of SFRP1 and SFRP4, but also
regulate methylation of other genes in general, and the mechanism via
which DNMT inhibitors alleviate pulmonary fibrosis is worth further
research.

5. Conclusion

In summary, promoter hypermethylation may downregulate SFRP1
and SFRP4 at different stages of pulmonary fibrosis and may over-
activate the Wnt signaling pathway and participate in the onset and
progression of pulmonary fibrosis. Furthermore, DNMT inhibitors can
effectively attenuate the activated (3-catenin expression and reduce fi-
brosis in mice. Together with our previous research into the effects of
histone acetylation and deacetylases on pulmonary fibrosis [19], the
present study suggests that the importance of epigenetic modifications
cannot be ignored and may provide a possible new direction for the
research on treatments of pulmonary fibrosis.
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