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Idiopathic pulmonary fibrosis (IPF) is a chronic, irreversible, and progressive interstitial lung disease characterized by recurrent
alveolar epithelial cell injury, fibroblast hyperproliferation, and cumulative deposition of extracellular matrix leading to alveolar
destruction in the lungs. Mitotic arrest deficient 2 like 1 (MAD2L1) is a component of the mitotic spindle assembly checkpoint
that prevents the onset of anaphase until all chromosomes are properly aligned at metaphase and is a potential therapeutic target
in cancers. However, the role of MAD2LI in pulmonary fibrosis has not been explored. We analyzed the expression of MAD2LI in
lung tissues from control subjects, IPF patients, and mice with bleomycin-induced fibrosis via IHC, qRT-PCR, and Western blot
analysis. We examined the roles of MAD2L1 in ROS production, mitochondrial function, cell senescence, and the establishment of
a profibrotic microenvironment. We found that MAD2L1 was highly upregulated in alveolar epithelial cells in fibrotic lung tissues
from both patients with IPF and mice with bleomycin-induced fibrosis. Loss of MAD2L1 expression or activity led to decreases of
cell viability and proliferation in A549 cells. Subsequent mechanistic investigation demonstrated that inhibition of MAD2L1
damaged mitochondria, which led to augmented ROS production and cellular senescence, and thus promoted the establishment
of a profibrotic microenvironment. Taken together, these results reveal that alleviation of alveolar epithelial cell mitochondrial
damage arising from augmentation of MAD2L1 may be a novel therapeutic strategy for mitigating pulmonary fibrosis.

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, irreversible,
and progressive interstitial lung disease characterized by
recurrent alveolar epithelial cell injury, fibroblast hyper-
proliferation, and cumulative deposition of extracellular
matrix leading to alveolar destruction in the lungs [1-3].
Emerging evidence suggests that mitochondrial dysfunction
plays important roles in the initiation and progression of
multiple aged-related lung diseases, including IPF [4]. Mi-
tochondrial biogenesis, ROS production, mitochondrial
DNA (mtDNA) leakage, mitosis, and mitophagy [5] have
been identified in lung epithelial cells, fibroblasts, and

macrophages; these changes result in maladaptation to
cellular stress, increasing susceptibility to activation of
profibrotic responses [6-9].

The mitotic cycle of normal cells is strictly regulated by
multiple checkpoints. If those checkpoints are broken, the
loss or incorrect distribution of chromosomes during un-
controlled mitosis will result in the formation of aneuploid
cells [10]. The spindle assembly checkpoint (SAC) ensures
the fidelity of chromosome inheritance by ensuring that
sister chromosomes form bipolar attachments with micro-
tubules of the mitotic spindle [11]. MAD2L1 has two
conformations: closed MAD2L1 (C-Mad2) and open
MAD2L1 (O-Mad2) [12, 13]. Mad2 binds directly to Cdc20
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during mitosis and inhibits the anaphase-promoting com-
plex or cyclostome (APC/C), thus inhibiting the process of
cell division [14-16]. MAD2L1 induces aneuploidy of cell
chromosomes and then promotes tumor formation [17].
MAD?2 depletion triggers premature cellular senescence in
human primary fibroblasts [18]. Currently, there is limited
information available on the role of MAD2LI in fibrotic
diseases.

The abnormal expression of MAD2L1 in our fibrotic
lung meta-dataset drove us to explore the role of MAD2L1 in
the progression of pulmonary fibrosis. In this study, we
aimed to uncover the role of MAD2LI in pulmonary fibrosis
to find a novel therapeutic target for IPF treatment.

2. Materials and Methods

2.1. Mouse Lungs with Bleomycin-Induced Fibrosis and Hu-
man IPF Lung Tissues. Eight to 10-week-old female (C57BL/
6) mice were obtained from Weitonglihua Experimental
Animal Technology Co. Ltd. On day 0, the mice were
anesthetized with 40% isoflurane diluted in 1,2-propanediol;
and then intratracheally instilled with bleomycin at a dose of
1.5 U/kg diluted in PBS or with PBS only (sham). The an-
imals were sacrificed with 100 mg ketamine/kg body weight
and 10 mg xylazine/kg body weight intraperitoneally, and
samples were collected on day 14 for further analysis after
bleomycin treatment. The animal maintenance and handling
procedures followed the Henan Normal University Insti-
tutional Animal Care and Use Committee (IACUC, SMKX-
2118BS1018) guidelines, which coordinate with the Asso-
ciation of Animal Behavior and National Regulations.

The IPF lung tissues and normal controls were recruited
based on the ATS/ERS/JRS/ALAT Clinical Practice
Guidelines at Henan Provincial Chest Hospital. The study
was approved by the Henan Provincial Chest Hospital
Medical Research Ethics Committee (No. 2019-05-07), and
informed consent was obtained from all the patients before
surgery.

2.2. Cell Culture and Treatment. The A549 cell line was
obtained from the American Type Culture Collection
(Shanghai, China) and cultured in a DME/F-12 medium
supplemented with 10% (v/v) heat-inactivated FBS, 1%
penicillin, and streptomycin in a 37°C humidified incubator
with 5% CO,. When the cells reached approximately 80%
confluence, the cells were digested with 0.25% trypsin/EDTA
solution. The digested cells were plated into 6-well plates.
A549 cells were transfected with small interfering RNA by
using Lipofectamine 3000 when the cells reached approxi-
mately 70% confluence according to the manufacturer’s
instructions. In addition, the cells were treated with M211I-
1(100 uM), an inhibitor of MAD2LI.

2.3. Quantitative Real-Time PCR (qRT-PCR). For gene
transcription analysis of mouse lungs and A549 cells, the
total mMRNA was extracted using RNeasy mini kits according
to manufacturer’s instructions. Reverse transcription of the
RNA was performed wusing Prime Script reverse
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TaBLE 1: Genes selected for expression analysis.

Primer name Oligonucleotide sequence (5'-3")

M-GAPDH-F 5'-GTCAGGTCATCACTATCGGCAAT-3’
M-GAPDH-R 5'-AGAGGTCTTTACGGATGTCAACGT-3’
M-MAD2LI1-F 5'-GTGGCCGTTTTTCTCATTTG-3'
M-MAD2L1-R 5'-AGGTGAGTCTATCTGCACT-3'
H-GAPDH-F 5'-CCACCCATGGCAAATTCC-3'
H-GAPDH-R 5'-GATGGGATTTCCATTGATGACA-3'
H-MAD2L1-F 5'-GGACTCACCTTGCTTGTAACTAC-3’
H-MAD2L1-R 5'-GATCACTGAACGGATTTCATCCT-3'

transcriptase. qRT-PCR was carried out using a Light Cycler
96 fluorescent quantitative PCR system (Roche) and SYBR
Premix Ex Taq with the cDNA as the template. The con-
ditions for the qRT-PCR were as follows: initial denaturation
at 95°C for 10 min followed by 40 cycles of 95°C for 15 s, 60°C
for 1 min, and 72°C for 30 s. The average Ct values from the
triplicate analyses were normalized by the average Ct values
of GAPDH. The ratios of the expression levels were cal-
culated with the 2-AACt method. The primer pairs for the
genes in this study are described in Table 1.

2.4. Western Blot Analysis. Total proteins were extracted
from mouse lung tissues or cells using RIPA buffer
(Beyotime) containing protease inhibitors (Beyotime). The
protein concentration was evaluated with the Pierce BCA
method. Then, each protein sample was separated by 8-12%
SDS-PAGE, and the proteins were transferred to nitrocel-
lulose membranes. After blocking in 5% skim milk, the
membranes were probed with the following primary anti-
bodies overnight at 4°C: anti-MAD2L1 (1:3,000, # A300-
301A, Bethyl), anti-B-actin (Affinity), anti-Pink1 (1 :2000,
#10022, Affinity), anti-LC3 (ab192890, # ab192890, Abcam),
anti-MFNI1 (1:1000, #14739, Cell Signaling Technology),
anti-MFN2 (1:1000, #ab124733, Abcam), anti-Pink1(1:
1000, #AF7581, Affinity), anti-OPA1 (1:1000, #DF8587,
Affinity), anti-p53 (1:1000, #2527, Cell Signaling Technol-
ogy), anti-phospho-p53 (1:1000, # AF3037, Affinity), anti-
p21l (1:1000, #2947, Cell Signaling Technology), anti-
phospho-p21 (1:1000, #AF3290, Affinity), anti-collagen1 (1 :
1000, # ab34710, Abcam), anti-E-cadherin (1:1000, #
ab2786, Abcam), anti-N-cadherin (1:1000, #13116, Cell
Signaling Technology), and anti-Vimentin (1:1000, #
BF8006, Affinity). The membranes were then incubated with
a horseradish peroxidase-conjugated secondary antibody for
1 h at room temperature. The blots were visualized by using
an enhanced chemiluminescence system (Bio-Rad, USA).

2.5. Immunohistochemistry. Briefly, mouse lung tissues were
embedded in paraffin, sectioned, and rehydrated. Then, the
antigens were recovered by microwave heating of histologic
sections in citrate buffer at 95°C for 10 min. The endogenous
peroxidase was neutralized using endogenous peroxidase
blocking solution. Afterward, the lung sections were incu-
bated with a primary antibody at 4°C overnight. This step
was followed by incubation with biotin-labeled secondary
antibodies at 37°C for 30 min. Next, the lung sections were



Canadian Respiratory Journal

developed with DAB working solution and then counter-
stained with hematoxylin and mounted with mounting
medium. Images were obtained with a microscope (Nikon,
Japan).

2.6. Cell Counting Kit-8 Assay. Briefly, cells were seeded at a
density of 5000 cells/well in 96-well microplates. Following
incubation, the cells were treated with siRNAs or M21I-1
(100 uM) for 24 h or 48 h. After treatment, 10 uL of CCK-8
reagent was added to each well and gently mixed. Finally, the
optical density was measured at 450 nm by a microplate
reader (Thermo Fisher Scientific). Prism7 software was used
to analyze the data.

2.7. Wound-Healing Assay. A549 cells were seeded into a
sterile 6-well plate and cultured overnight in an incubator.
The cells were transfected with siRNA or treated with M211-
1 (100 uM). When the cells had grown to reach 90-100%
confluence in a cell monolayer, a straight line was scratched
on the cell surface with a sterile pipette tip. The wounds were
photographed at 0h, 12 h, and 24 h postwounding under an
inverted research microscope (Leica D-35578, Wetzlar,
Germany).

2.8. EdU Assay. Cell proliferation was measured with an
EdU assay kit (Ribobio). Cells were seeded into 24-well
plates at 2 x 10* cells per well. After 24h of the treatment,
each well was incubated with 300 ul of 50 uM EdU medium
for 2h at 37°C. Then, the cells were fixed in 4% parafor-
maldehyde for 30 min and permeabilized with 0.5% Triton
X-100 for 10 min. After washing with PBS, the cells were
incubated with 1x Apollo reaction cocktail for 30min.
Subsequently, 1x Hoechst 33342 was added, and the cells
were incubated for additional 30 min. The positive cells were
assessed under fluorescence microscopy (Nikon, Japan).

2.9. ROS and Mitochondrial Membrane Potential (MMP).
For determination of the ROS and MMP levels, A549 cells
were treated with siRNAs or M21I-1 for 24 h, and then the
ROS and MMP levels in the A549 cells were determined with
detection kits according to the manufacturer’s instructions.
The cells were observed under a fluorescence microscope,
and the results were analyzed using Image J software.

2.10. Senescence-associated [-galactosidase (SA-f-Gal).
The activity of SA-f-gal was determined using a f-galac-
tosidase staining kit (Beyotime) following the manufac-
turer’s instructions. Briefly, the treated cells were rinsed with
PBS and then fixed in a fixative solution at room temperature
for 10 min. After being washed, the cells were incubated with
the staining solution at 37°C overnight. The positive cells
were observed under a microscope, and the results are
expressed as the percentage of total cells.

2.11. Statistical Analysis. The data are shown in bar graphs
showing the mean + standard deviation. The significance of
the differences between the two groups was analyzed using
two-tailed Student’s #-tests. All statistical analyses were
performed using GraphPad Prism7. * P <0.05, * * P<0.01,
***P<0.001, and ****P<0.0001 were considered to
indicate statistical significance.

3. Results

3.1. MAD2L1 Expression was Upregulated in IPF Lungs and
Bleomycin-Induced Fibrotic Mouse Lungs. To determine the
role of MAD2LI in pulmonary fibrosis, the level of MAD2L1
in IPF and a bleomycin model of lung fibrosis in mice were
examined. MAD2LI mRNA (Figure 1(a)) level was signif-
icantly higher in the lungs of patients with IPF than those in
healthy subjects (data from GSE47460). MAD2L1 was
mainly expressed in the alveolar epithelium surrounding the
fibrotic area and macrophages in lungs from patients with
IPF and was weakly expressed in normal alveolar epithelium
(Figure 1(b)), it also demonstrated that MAD2LI was a
dramatically upregulated in type II alveolar epithelial cells in
IPF Cell Atlas Data (https://www.IPFcellatlas.com). In line
with the human data, the expression of Mad2l1 in mRNA
(Figure 1(c)) and protein (Figure 1(d)) levels were induced
in bleomycin-induced fibrotic mouse lungs, Mad2l1 was
primarily expressed in the alveolar epithelium, and mac-
rophages too in the lungs of fibrotic mice (Figure 1(e)).

3.2. Proliferation of A549 Cells was Inhibited by the MAD2L1
siRNA or Inhibitor. To investigate the role of MAD2L1 in
cellular viability in vitro, we transfected A549 cells with a
MAD?2LI-targeting siRNA and administrated of M21I-1
(100 uM), an inhibitor of MAD2L1. We found that inhibi-
tion of the MAD2L1 expression in A549 cells led to a strong
reduction in viability, as measured by CCK-8 assay
(Figure 2(a)). Adding the inhibitor of MAD2L1 M211-1 had
similar results (Figure 2(b)). In addition, we further de-
termined if the decreased MAD2L1 altered the cellular
proliferation of A549 cells. As shown in Figures 2(c) and
2(d), MAD2LI1 suppression led to significantly decreased
proliferative activity in A549 cells, as measured by EdU
assay. Moreover, M211I-1 decreased proliferative activity in
A549 cells (Figures 2(e) and 2(f)). These data collectively
suggest that MAD2L1 affects the proliferation of A549 cells.

3.3. Migration of A549 Cells Was Inhibited by the MAD2L1
siRNA or Inhibitor. We examined the effect of MAD2L1
inhibition on cell migration and found that the repress
MAD2L1 by siRNA significantly impaired wound healing of
A549 cells (Figure 3(a)). The scratch reparability was cal-
culated by Image J software (Figure 3(b)). In addition, a
similar result was observed in the presence of M2I-1
compared to DMSO (the control) (Figures 3(c) and 3(d)).
These results indicate that MAD2L1 inhibition negatively
affects the migration of A549 cells.
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F1GURE 1: MAD2L1 was upregulated in IPF lungs and the bleomycin-induced mouse lungs. (a) mRNA level of MAD2L1 in lung tissues from
patients with IPF and healthy subjects. (b) Representative images of MAD2LI immunohistochemical staining in sections of lung tissue from
patients with IPF and healthy subjects. The boxed regions are shown at higher magnification in the lower panels. (c¢) mRNA expression of
MAD?2LI in bleomycin- and saline-treated mice as determined by gqRT-PCR analysis. (d) Protein expression of MAD2L1 in bleomycin- and
saline-treated mice as determined by WB analysis. The data are shown as the mean + SEM, n>3 per group. * P<0.05; ** *P <0.001;
****P<0.0001. (e) Representative images of MAD2L1 immunohistochemical staining in sections of lung tissue from bleomycin-treated
mice and saline-treated control mice. The boxed regions are shown at higher magnification in the lower panels.

3.4. Inhibition of MAD2L1 Impaired Mitochondrial Structure ~ A549 cells was determined after the cells were transfected
and Function. To test the effects of MAD2L1 on mito-  with MAD2L1 siRNA or treated with M2I-1. The results
chondrial structure and function in A549 cells, the MMP in ~ showed that a significantly loss of MMP in response to
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FIGURE 2: MAD2LI is critical for A549 cell proliferation. (a) A549 cell viability in a time course of treatment with MAD2L1 siRNA or control
siRNA. (b) A549 cell viability in a time course of treatment with M2I-1 or the vehicle control. (c, d) Effect of MAD2L1 siRNA or control
siRNA on A549 cell proliferation at 24 hours. (e, f) Effect of treatment with M2I-1 on A549 cell proliferation at 24 and 48 hours.
***P<0.001; ****P<0.0001.
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FIGURE 3: Migration of A549 cells is inhibited by MAD2L1 siRNA or a MAD2LI inhibitor. (a) A scratch assay was performed on A549 cells
following transfection with MAD2L1 siRNA or control siRNA. (b) Quantification of A549 cell wound healing following transfection with
MAD?2LI siRNA or control siRNA. (c) A scratch assay was performed on A549 cells following M2I-1 or control treatment. (d) Quan-
tification of A549 cell wound healing in the presence or absence of the inhibitor. * * P<0.01; * ** P<0.001; ** * * P <0.0001.

MAD2L1 suppression (Figures 4(a)-4(d)), and this decrease
was accompanied by increased MFN1/2 and OPA1 as well as
PINK1 in A549 cells (Figures 4(e) and 4(f)). These results
suggest that MAD2L1 was essential for maintaining the
membrane potential of mitochondria and stabilizing mi-
tochondrial structure and function.

3.5. Inhibition of MAD2L1 Increased ROS Production in
A549 Cells. To investigate the effect of MAD2L1 on ROS
generation, we detect the ROS production in A549 cells
after inhibition MAD2L1. As shown in Figures 5(a) and

5(b), the fluorescence intensity was obviously more in-
tensive in the transfected/treated cells than in the control
cells. According to the absolute quantification values,
treatment/transfection significantly enhanced the release of
ROS compared with that in the group (Figures 5(c) and
5(d)).

3.6. Alteration of MAD2LI Expression Led to A549 Cell
Senescence. To further delineate the role of MAD2L1 in ATII
cell senescence, we examined the SA-f-gal activity and age-
related gene expression after transfection of A549 cells with
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FiGUrE 4: MAD2L1 inhibition impaired mitochondrial structure and function. (a) The MMP levels of A549 cells transfected with MAD2L1
siRNA or control siRNA were measured by JC-1 staining. (c) The MMP levels of A549 cells were detected by JC-1 staining following
treatment with M2I-1 or DMSO (control). (b, d) Quantitative analysis of the MMP percentage. The MMP percentage was calculated as the
ratio of JC-1 aggregates to monomers. (e) The expression of MFN1, MFN2, OPA1, and PINK1 was determined by western blot analysis.
B-actin was used as the loading control. (f) Western blot analysis was performed to confirm the alterations in MFN1, MEN2, OPA1, and
PINKI1 in total protein extracts after treatment with M2I-1 or DMSO (control).
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FIGURE 5: MAD2L1 inhibition increased ROS production in A549 cells. (a) ROS was measured using DCFH-DA surface fluorescence in
A549 cells transfected with MAD2L1 siRNA or control siRNA. (b) Quantification of intensity of the DCFH-DA surface fluorescence. (c)
ROS was measured using DCFH-DA surface fluorescence in A549 cells treated with M2I-1 or DMSO (control). (d) Quantification of
intensity of the DCFH-DA surface fluorescence. * * * P <0.001; * * * * P <0.0001.

MAD?2LI siRNA or nontargeting siRNA. The results showed
that silencing MAD2L1 with siRNA significantly increased SA-
B-gal activity (Figures 6(a) and 6(b)), and the expression of p53,
phos-p53, p21, and phos-p21 was upregulated (Figure 6(e)).
This observation was consistent with inhibition of MAD2L1
with the inhibitor M2I-1 (Figures 6(c), 6(d), and 6(f)). These
data confirm that inhibition of MAD2L1 induces p53-p21
pathway activation and promotes ATII cell senescence.

3.7. MAD2LI Inhibition Increased the Synthesis of Extracel-
lular Matrix Proteins. Next, we determined whether decreased
MAD2LI could alter the ECM production in A549 cells. As
shown in Figure 7(a), inhibition of MAD2L1 led to marked
increases in Collagenl and a-SMA levels and upregulation of
N-cadherin and Vimentin, which are biomarkers for mesen-
chymal cells. In addition, inhibition of MAD2L1 caused loss of
epithelium marker E-cadherin. Consistent with these results,
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control. (f) Western blot analysis was performed to confirm the alterations in serine-20-phosphorylated p53, p53, threonine-145-
phosphorylated p21, and p21. -actin was used as the control. * P <0.05; ** ** P <0.0001.

the mRNA levels of Collagenl, a-SMA, N-cadherin, and
Vimentin were increased in A549 cells (Figure 7(b)). In addi-
tion, M2I-1 treatment resulted in marked increases in ECM and
EMT-related proteins and genes (Figures 7(c) and 7(d)). Taken
together, these results demonstrate that the profibrogenic effects
of MAD2L1 are mediated through increased synthesis of ex-
tracellular matrix proteins.

4. Discussion

The incidence of IPF is increasing worldwide, yet the
pathogenesis needs further exploration [19]. IPF is char-
acterized by deposition of extracellular matrix proteins that

modify normal lung physiology [20, 21]. Alveolar epithelial
cells play important roles in defense and immunomodula-
tory functions.

In this study, we demonstrated that MAD2LI plays a
crucial role in the pathogenesis of pulmonary fibrosis. The
baseline MAD2L1 was low in normal lung tissues but was
increased in fibrotic lungs of both human subjects with IPF
and mice challenged with bleomycin. IHC staining of lung
sections revealed increased MAD2L1-positive cells in both
IPF patients and bleomycin-treated mice. We first dem-
onstrated that depleting MAD2L1 in A549 cells inhibited
viability and proliferation, indicating that the repair ability
of alveolar epithelial cells was reduced. However,



10

N-cadherin mRNA

expression

NC Si-MAD2L1

Vimentin | e s am—— -*6

B-actin _ ——— e e

Canadian Respiratory Journal

20 * 25 7 X% 4 | X%
P | —
< 20 =
1.5 Z o Z _ 3+
g2 1.5 £ S
1.0 £ 8 — 3 5
£ E 10 § &
0.5 ES £ 8
: 2051 CHE
O
0.0 i 0.0 - 0
NC Si-MAD2LI NC Si-MAD2L1 NC Si-MAD2L1
5 1 1.5 - .
| —
e 2
2 § 5 | £ § 1.0 4
£, £é
Z 5 £ 5 051
&1 ¢
m
0 0.0 -
NC Si-MAD2L1 NC Si-MAD2L1
(b)
DMSO M2I-1

E-cadherin | *“

N-cadherin |se— em— — “ --

Vimentin

B-actin | (D G D NS G
()]

FiGgure 7: Continued.




Canadian Respiratory Journal

11

1.5 - | 2.5 ~ — 2.5
< < 20 S 20 1
~ g
E E 104 25 1s. ES 15
R E¢ £
o B 2 1.0 = 4 1.0 -
25 051 z 5 25
S S 0.5 4 = 0.5 1
0.0 - 0.0 - 0.0 -
DMSO M2I-1 DMSO M2I-1 DMSO M2I-1
2.0 - P S 1.5 - —
< <
£ .15 2
5 g < 8 051
5705 g ==
Z. 83}
0.0 - 0.0 4
DMSO M2I-1 DMSO M2I-1
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ineffective alveolar epithelial cell repair can lead to ab-
errant fibroblastic responses and induce fibrosis [22].
Therefore, we hypothesized that MAD2L1 inhibition may
augment lung fibrosis.

Under normal conditions, mitochondria are dynamic
organelles that constantly undergo fusion and fission
events to regulate metabolism, cell proliferation, and
survival [23]. Abnormality of mitochondrial fusion can
cause mitochondrial fragmentation and hyperfusion [24].
Mitochondria initiate a protective mechanism to control
and maintain their quality in mild stress, with the par-
ticipation of Mfn1/2 and OPA1, the fused mitochondria
undergo rapid material exchange and restore their own
functions, overcoming their dysfunction through diffusion
and sharing of components between the organelles [25]. In
contrast, severe or prolonged stress leads to increased ROS
production, inflammatory responses, and cellular senes-
cence [23]. In this study, we found that MAD2L1 inhibition
decreased the MMP in A549 cells compared with that in the
control cells. MAD2L1 inhibition can augment mito-
chondrial dysfunction and thus contribute to the patho-
genesis of pulmonary fibrosis. In addition, MAD2L1 siRNA
or M2I-1 treatment led to marked upregulation of Mfnl,
Mifn2, and OPA1. Studies have suggested that mitochon-
drial autophagy (mitophagy) plays an important role in
eliminating damaged mitochondria [25, 26]. Next, we
found that PINK1 was upregulated in A549 cells with
MAD2L1 inhibition, MAD2L1 depletion in vitro caused
upregulation of PINKI1 which may be viewed as a failed
attempt to prevent fibrosis progression.

ROS are thought to play a dual role in many physio-
logical and pathophysiological processes. At low con-
centrations, ROS exhibit beneficial effects by regulating
cellular proliferation, differentiation, intracellular signal-
ing, and homeostasis. In contrast is the high level of ROS
damage intracellular proteins, lipids, and nucleic acids
[27, 28]. Recent studies have implicated ROS in the
pathogeneses of aging and lung diseases, some of which
include IPF, COVID-19, chronic obstructive lung disease,
and lung cancer [29-31]. ROS can activate TGF-f3 signaling
either directly or indirectly via the activation of proteases
[32]. We found that knockdown of MAD2L1 in A549 cells
led to accelerated production of ROS compared to that in
the control cells. This may promote EMT and induce
pulmonary fibrosis. Furthermore, generation of ROS in
alveolar epithelial cells mediate mitochondrial DNA
damage, which increased the susceptibility to lung fibrosis
[30]. The mitochondrial dysfunction, in turn, leads to the
augmentation of ROS production, inflammatory re-
sponses, and cellular senescence and thus induces pul-
monary fibrosis [23].

As mitochondrial dysfunction is a feature of cellular
senescence, and as IPF is an age-related disease, we further
examined the relationship between MAD2L1 and cellular
senescence. Mitochondrial ROS drive senescence [33],
scavenging mtROS with the mitochondria-targeted an-
tioxidant MitoQ, or acetyl-1-carnitine delays cellular se-
nescence [23]. We further tested the effects of MAD2L1
inhibition on ATII cell senescence, silencing MAD2L1
and M2I-1-treated significantly increased SA-f-gal
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activity as well as protein levels of p53 and p2l. We
conclude that inhibition of MAD2L1 will lead to mito-
chondrial dysfunction and thus to cellular senescence.
One of the driving forces behind fibrosis is a process in
which epithelial cells lose epithelial proteins including
E-cadherin and gain mesenchymal markers such as
N-cadherin and Vimentin [34]. Both the mRNA and
protein levels of ECM proteins and N-cadherin and
Vimentin increased after inhibition of MAD2L1. In ad-
dition, MAD2L1 downregulation led to loss of E-cad-
herin. Altogether, MAD2L1 inhibition promotes the
establishment of a profibrotic microenvironment, thus
inducing pulmonary fibrosis.

5. Conclusions

Overall, the present study revealed that MAD2L1 was
upregulated in both IPF lungs and the lungs of mice with
bleomycin-induced fibrosis. Loss of MAD2L1 expression
and activity led to decreased cell viability and proliferation in
A549 cells. Inhibition of MAD2L1 led to mitochondria
damage, augmentation of ROS production, and cellular
senescence, and induction of extracellular matrix thus
promoted pulmonary fibrosis. The data suggested that al-
leviation of mitochondrial damage in alveolar epithelial cells
through augmentation of MAD2L1 may be served as a novel
therapeutic strategy for a cure of idiopathic pulmonary
fibrosis.

Abbreviations

IPF: Idiopathic pulmonary fibrosis
MAD2L1: Mitotic arrest deficient 2 like 1

ROS: Reactive oxygen species

qRT- Quantitative real-time PCR
PCR:

WB: Western blot

[HC: Immunohistochemistry
TGF-B1:  Transforming growth factor 51
mtDNA: Mitochondrial DNA

SAC: Spindle assembly checkpoint

MADI1LI1: Mitotic arrest deficient 1-like 1

BUBRI1: Benzimidazole related 1

BUBI: Benzimidazole 1

MPSI: Multipolar spindle 1

APC/C:  Anaphase-promoting complex or cyclostome
CCKa8: Cell counting kit-8 assay

MMP: Mitochondrial membrane potential
SA-f-gal: Senescence-associated 3-galactosidase

ATIL Type II alveolar epithelial cells

MEN: Mitofusin

OPAL: Optic atrophy 1

PINK1:  Mitophagy--associated protein putative kinase 1.
Data Availability

The data used to support the findings of this study are in-
cluded within the article.

Canadian Respiratory Journal

Ethical Approval

Animal maintenance and handling procedures followed
Henan Normal University Institutional Animal Care and
Use Committee (IACUC, SMKX-2118BS1018) which co-
ordinates the Association of Animal Behavior and National
Regulations (Guidelines for the Use of Animals). The IPF
lung tissues and normal control subjects were recruited
based on the ATS/ERS/JRS/ALAT Clinical Practice
Guidelines in Henan Provincial Chest Hospital. The study
was approved by the Henan Provincial Chest Hospital
Medical Research Ethics Committee (N0.2019-05-07) and
informed consent was obtained from all the patients before
surgery.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

LW and XC performed most of the experiments with the
assistance of XG, WZ, PY, and ZL, GY, RW, and LW
designed the research project and wrote the article.

Acknowledgments

The authors thank Dr. Hongtao Yu (Division of Pulmonary
and Critical Care Medicine, Henan Provincial Chest Hos-
pital) for providing idiopathic pulmonary fibrosis lung
tissues. The work was supported by Startup package (GY),
Henan Normal University, the 111 Project “State Innovation
Base for Pulmonary Fibrosis” and Ministry of Science and
Technology, PR China, 2019YFE0119500, Henan Province
Science and Technology Project, 212102310894.

References

[1] G.Raghu, M. B. Scholand, J. de Andrade et al., “FG-3019 anti-
connective tissue growth factor monoclonal antibody: results
of an open-label clinical trial in idiopathic pulmonary fi-
brosis,” European Respiratory Journal, vol. 47, no. 5,
pp. 1481-1491, 2016.

[2] C. Upagupta, C. Shimbori, R. Alsilmi, and M. Kolb, “Matrix
abnormalities in pulmonary fibrosis,” European Respiratory
Review, vol. 27, no. 148, Article ID 180033, 2018.

[3] Y. Fan, R. He, L. Zou, and J. Meng, “[Clinical value of bio-
markers in diagnosis and treatment of idiopathic pulmonary
fibrosis],” Nan Fang Yi Ke Da Xue Bao, vol. 40, no. 7,
pp. 1062-1065, 2020.

[4] M. Bueno, Y. C. Lai, Y. Romero et al., “PINK1 deficiency
impairs mitochondrial homeostasis and promotes lung fi-
brosis,” Journal of Clinical Investigation, vol. 125, no. 2,
pp. 521-538, 2015.

[5] S. W. Ryter, I. O. Rosas, C. A. Owen et al., “Mitochondrial
dysfunction as a pathogenic mediator of chronic obstructive
pulmonary disease and idiopathic pulmonary fibrosis,” An-
nals of the American Thoracic Society, vol. 15, no. 4,
pp. $266-8272, 2018.

[6] A. L. Mora, M. Bueno, and M. Rojas, “Mitochondria in the
spotlight of aging and idiopathic pulmonary fibrosis,” Journal
of Clinical Investigation, vol. 127, no. 2, pp. 405-414, 2017.



Canadian Respiratory Journal

[7] G. Yu, A. Tzouvelekis, R. Wang et al., “Thyroid hormone
inhibits lung fibrosis in mice by improving epithelial mito-
chondrial function,” Nature Medicine, vol. 24, no. 1,
pp. 39-49, 2018.

K. Kobayashi, J. Araya, S. Minagawa et al., “Involvement of

PARK2-mediated mitophagy in idiopathic pulmonary fibrosis

pathogenesis,” The Journal of Immunology, vol. 197, no. 2,

pp. 504-516, 2016.

[9] D. A. Date, A. C. Burrows, and M. K. Summers, “Phos-
phorylation regulates the p31Comet-mitotic arrest-deficient 2
(Mad2) interaction to promote spindle assembly checkpoint
(SAC) activity,” Journal of Biological Chemistry, vol. 289,
no. 16, pp. 11367-11373, 2014.

[10] X. F. Zhu, M. Yi, J. He et al., “Pathological significance of
MAD2LI in breast cancer: an immunohistochemical study
and meta analysis,” International Journal of Clinical and
Experimental Pathology, vol. 10, no. 9, pp. 9190-9201, 2017.

[11] X. Luo, Z. Tang, G. Xia et al., “The Mad2 spindle checkpoint
protein has two distinct natively folded states,” Nature
Structural & Molecular Biology, vol. 11, no. 4, pp. 338-345,
2004.

[12] A. De Antoni, C. G. Pearson, D. Cimini et al., “The Mad1/
Mad2 complex as a template for Mad2 activation in the
spindle assembly checkpoint,” Current Biology, vol. 15, no. 3,
pp. 214-225, 2005.

[13] S.Sivakumar and G.J. Gorbsky, “Spatiotemporal regulation of
the anaphase-promoting complex in mitosis,” Nature Reviews
Molecular Cell Biology, vol. 16, no. 2, pp. 82-94, 2015.

[14] X. Luo, Z. Tang, J. Rizo, and H. Yu, “The Mad2 spindle
checkpoint protein undergoes similar major conformational
changes upon binding to either Madl or Cdc20,” Molecular
Cell, vol. 9, no. 1, pp. 59-71, 2002.

[15] L. Sironi, M. Mapelli, S. Knapp, A. De Antoni, K. T. Jeang, and
A. Musacchio, “Crystal structure of the tetrameric Madl-
Mad2 core complex: implications of a “safety belt” binding
mechanism for the spindle checkpoint,” The EMBO Journal,
vol. 21, no. 10, pp. 2496-2506, 2002.

[16] M. Yang, B. Li, C. J. Liu et al., “Insights into mad2 regulation
in the spindle checkpoint revealed by the crystal structure of
the symmetric mad2 dimer,” PLoS Biology, vol. 6, no. 3, p. €50,
2008.

[17] M. A. Hoyt, L. Totis, and B. T. Roberts, “S. cerevisiae genes
required for cell cycle arrest in response to loss of microtubule
function,” Cell, vol. 66, no. 3, pp. 507-517, 1991.

[18] L. Lentini, V. Barra, T. Schillaci, and A. Di Leonardo, “MAD?2
depletion triggers premature cellular senescence in human
primary fibroblasts by activating a p53 pathway preventing
aneuploid cells propagation,” Journal of Cellular Physiology,
vol. 227, no. 9, pp. 3324-3332, 2012.

[19] J. Hutchinson, A. Fogarty, R. Hubbard, and T. McKeever,
“Global incidence and mortality of idiopathic pulmonary
fibrosis: a systematic review,” European Respiratory Journal,
vol. 46, no. 3, pp. 795-806, 2015.

[20] B. Ley, H. R. Collard, and T. E. King, “Clinical course and
prediction of survival in idiopathic pulmonary fibrosis,”
American Journal of Respiratory and Critical Care Medicine,
vol. 183, no. 4, pp. 431-440, 2011.

[21] T. H. Sisson, M. Mendez, K. Choi et al., “Targeted injury of
type II alveolar epithelial cells induces pulmonary fibrosis,”
American Journal of Respiratory and Critical Care Medicine,
vol. 181, no. 3, pp. 254-263, 2010.

[22] W.D. Hardie, J. S. Hagood, V. Dave et al., “Signaling pathways
in the epithelial origins of pulmonary fibrosis,” Cell Cycle,
vol. 9, no. 14, pp. 2841-2848, 2010.

[8

13

[23] L. Yue and H. Yao, “Mitochondrial dysfunction in inflam-
matory responses and cellular senescence: pathogenesis and
pharmacological targets for chronic lung diseases,” British
Journal of Pharmacology, vol. 173, no. 15, pp. 2305-2318, 2016.

[24] H. Hara, K. Kuwano, and J. Araya, “Mitochondrial quality
control in COPD and IPF,” Cells, vol. 7, no. 8, p. 86, 2018.

[25] H. Otera, N. Ishihara, and K. Mihara, “New insights into the
function and regulation of mitochondrial fission,” Biochimica
et Biophysica Acta (BBA)—Molecular Cell Research, vol. 1833,
no. 5, pp. 1256-1268, 2013.

[26] R.J. Youle and D. P. Narendra, “Mechanisms of mitophagy,”
Nature Reviews Molecular Cell Biology, vol. 12, no. 1, pp. 9-14,
2011.

[27] S. Prasad, S. C. Gupta, and A. K. Tyagi, “Reactive oxygen
species (ROS) and cancer: role of antioxidative nutraceut-
icals,” Cancer Letters, vol. 387, pp. 95-105, 2017.

[28] S. Yang and G. Lian, “ROS and diseases: role in metabolism
and energy supply,” Molecular and Cellular Biochemistry,
vol. 467, no. 1-2, pp. 1-12, 2020.

[29] L. Fu, H. Zhao, Y. Xiang et al., “Reactive oxygen species-
evoked endoplasmic reticulum stress mediates 1-nitropyrene-
induced epithelial-mesenchymal transition and pulmonary
fibrosis,” Environmental Pollution, vol. 283, Article ID 117134,
2021.

[30] S.J. Kim, P. Cheresh, R. P. Jablonski et al., “Mitochondrial
catalase overexpressed transgenic mice are protected against
lung fibrosis in part via preventing alveolar epithelial cell
mitochondrial DNA damage,” Free Radical Biology and
Medicine, vol. 101, pp. 482-490, 2016.

[31] M. Laforge, C. Elbim, C. Frere et al., “Tissue damage from
neutrophil-induced oxidative stress in COVID-19,” Nature
Reviews Immunology, vol. 20, no. 9, pp. 515-516, 2020.

[32] K. Koli, M. Mylldrniemi, J. Keski-Oja, and V. L. Kinnula,
“Transforming growth factor-beta activation in the lung: focus
on fibrosis and reactive oxygen species,” Antioxidants and
Redox Signaling, vol. 10, no. 2, pp. 333-342, 2008.

[33] J. Chapman, E. Fielder, and J. F. Passos, “Mitochondrial
dysfunction and cell senescence: deciphering a complex re-
lationship,” FEBS Letters, vol. 593, no. 13, pp. 1566-1579,
2019.

[34] N. Rout-Pitt, N. Farrow, D. Parsons, and M. Donnelley,
“Epithelial mesenchymal transition (EMT): a universal pro-
cess in lung diseases with implications for cystic fibrosis
pathophysiology,” Respiratory Research, vol. 19, no. 1, p. 136,
2018.



