Biochemical and Biophysical Research Communications 439 (2013) 315-320

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

Contents lists available at ScienceDirect

Romo1 expression contributes to oxidative stress-induced death of lung @ CroseMark

epithelial cells

Jung Ar Shin?, Jin Sil Chung®, Sang-Ho Cho ¢, Hyung Jung Kim **, Young Do Yoo >*

2 Department of Internal Medicine, Yonsei University College of Medicine, Yonsei University Health System, Seoul 135-270, Republic of Korea
b Laboratory of Molecular Cell Biology, College of Life Sciences and Biotechnology, Korea University, Seoul 136-713, Republic of Korea
€ Department of Pathology, Pochon CHA University, College of Medicine, Gyeonggi-do, Republic of Korea

ARTICLE INFO

ABSTRACT

Article history:
Received 2 July 2013
Available online 15 July 2013

Keywords:

Idiopathic pulmonary fibrosis
Lung injury

Oxidative stress

Reactive oxygen species
Romol

Oxidant-mediated death of lung epithelial cells due to cigarette smoking plays an important role in path-
ogenesis in lung diseases such as idiopathic pulmonary fibrosis (IPF). However, the exact mechanism by
which oxidants induce epithelial cell death is not fully understood. Reactive oxygen species (ROS) mod-
ulator 1 (Romo1) is localized in the mitochondria and mediates mitochondrial ROS production through
complex III of the mitochondrial electron transport chain. Here, we show that Romo1 mediates mitochon-
drial ROS production and apoptosis induced by oxidative stress in lung epithelial cells. Hydrogen perox-
ide (H,0,) treatment increased Romo1 expression, and Romo1 knockdown suppressed the cellular ROS
levels and cell death triggered by H,0, treatment. In immunohistochemical staining of lung tissues from
patients with IPF, Romo1l was mainly localized in hyperplastic alveolar and bronchial epithelial cells.
Romo1 overexpression was detected in 14 of 18 patients with IPF. TUNEL-positive alveolar epithelial cells
were also detected in most patients with IPF but not in normal controls. These findings suggest that

Romo1 mediates apoptosis induced by oxidative stress in lung epithelial cells.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Oxidative damage occurs when exogenous and/or endogenous
reactive oxygen species (ROS) overwhelm the antioxidant capacity
of cells and extracellular spaces, disrupting the redox balance of
cells. Exogenous oxidants originate from air pollutants such as
ozone, nitric dioxide, sulfur dioxide and especially cigarette smoke
[1]. The respiratory tract is especially susceptible to exogenous and
endogenous oxidants [2]. ROS generated in the airway are a large
cause of cell damage and contribute to lung injury and many
chronic inflammatory diseases [3]. Increased apoptosis of lung epi-
thelial and endothelial cells that is not compensated for prolifera-
tion results in tissue destruction [4]. Oxidative stress acts as a
pathogen in lung diseases associated with lung injury such as acute
lung injury (ALI), chronic obstructive pulmonary disease (COPD),
lung fibrosis and lung cancer [5]. Oxidant-mediated injury plays
an important role in ALI pathogenesis [6,7]. Several studies have
suggested that an oxidant-antioxidant imbalance in the airway
plays a critical role in the pathogenesis of lung injury in the case
of fibrosis [8,9]. Idiopathic pulmonary fibrosis (IPF) is a representa-
tive fibrotic lung disease and has a chronic clinical course without
proven treatment. The IPF pathogenesis is not well defined, but an
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association between smoking and IPF incidence or decreased lung
function has been shown in epidemiological studies [10,11].
Chronic inflammation induced by stresses such as smoking plays
an important role in the onset and progression of IPF.

ROS modulator 1 (Romo1) was first identified in the context of
enhanced ROS production [12]. Romol1 is localized in the mito-
chondria and increases cellular ROS levels via mitochondrial ROS
production through complex III of the mitochondrial electron
transport chain [13]. In a previous study, ROS levels were down-
regulated by Romo1 knockdown with Romo1l small interfering
RNA (siRNA) in lung fibroblasts [13]. However, the role of
Romo1-mediated mitochondrial ROS production in normal apopto-
sis and lung injury has not been identified. In the present study, we
investigated the role of Romo1 as a mediator of mitochondrial ROS
production and apoptosis induced by oxidative stress, and the pro-
tective effect of Romo1 inhibition in lung injury.

2. Materials and methods
2.1. Patients

This study was performed on lung specimens obtained by open
lung biopsy or lung resection from 18 patients with IPF treated at

Gangnam Severance Hospital, a tertiary referral medical center in
Seoul, Korea. A diagnosis of IPF was based on the American
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Fig. 1. H,0,-induced mitochondrial ROS production through Romo1. (A) After BEAS-2B cells were treated with 200 pM H,0, for the indicated times, Romo1 expression was
observed by Western blotting. (B) The cells were transfected with 100 nM Romo1 siRNA and Romo1 expression was observed by Western blotting. (C) After cells were
transfected with Romo1 siRNA, BEAS-2B and A549 cells were treated with 200 uM H,0 for 2 h followed by incubation after media change. Cells were stained with MitoSOX
and ROS levels were measured by flow cytometry. Data shown are the means of at least three separate experiments. *p < 0.05; **p < 0.01 vs. control siRNA with H,0, by 2-way
ANOVA. (D) BEAS-2B cells were transfected with Romo1 siRNA or NAC, then treated with 200 uM H,0, for 2 h followed by incubation after media change. Cells were stained
with MitoSOX and mitochondrial ROS production was observed by confocal microscopy. Images were quantified by MetaMorph software. Data shown are the means of at
least three separate experiments. **p < 0.01; **p < 0.001 vs. control siRNA with H,0, by 2-way ANOVA.

Thoracic Society/European Respiratory Society criteria [14]. The
histologic diagnosis of all specimens was compatible with UIP.
Normal appearing lung parenchyma specimens were obtained

from 18 lung transplant donors at the same center without patho-
logical evidence of any parenchymal disease, including pneumonia,
as controls. This study was approved by the Institutional Review



J.A. Shin et al./Biochemical and Biophysical Research Communications 439 (2013) 315-320 317

Board, Gangnam Severance Hospital, Yonsei University College of
Medicine (IRB No.: 3-2012-0146), and the need for written in-
formed consent was waived as this was a retrospective study and
patients were anonymized.

2.2. Cell culture and reagents

Bronchial epithelial cells (BEAS-2B) and cancerous alveolar epi-
thelial cells (A549) were cultured in Ham’s F12 and RPMI 1640
medium (Gibco-Invitrogen, Grand Island, NY, USA) supplemented
with 10% heat-inactivated FBS (Gibco-Invitrogen), sodium bicar-
bonate (2 mg/ml; Sigma-Aldrich, St. Louis, MO, USA), penicillin
(100 units/ml), and streptomycin (100 mg/ml; Gibco-Invitrogen)
and grown in 5% CO, at 37 °C. 2/,7’-Dichlorofluorescein diacetate
(DCF-DA), DAPI and H,0, were obtained from Sigma-Aldrich. Mit-
0SOX was obtained from Molecular Probes (Eugene, OR, USA). Lipo-
fectamine™ was purchased from Gibco-Invitrogen. The mouse,
monoclonal antibody (mAb) against Romo1 was described previ-
ously [15]. Polyclonal anti-caspase-3 and anti-PARP antibodies
were from Cell Signaling Technology (Danvers, MA, USA). Mouse
anti-cytosol-specific-B-actin antibodies were from Sigma-Aldrich.

2.3. Measurement of cell growth and TUNEL assay

Double-stranded, siRNA oligonucleotide that targets Romo1l
was synthesized by Bioneer (Taejon, Republic of Korea) [16]. Cells
(8 x 10%) were plated in 60 mm dishes. After 24 h, the cells were
transfected with 100 nM control siRNA or Romol siRNA using
Lipofectamine™ according to the manufacturer’s instructions for
24 h or 48 h and then treated with hydrogen peroxide (H,0,) for
2 h. After culture, the cells were counted under an inverted light
microscope (Olympus [X50, Olympus, Tokyo, Japan). For DAPI
staining, cells were fixed with 3.7% paraformaldehyde in PBS at
4 °C for 10 min. After washing three times, the cells were incubated
with 0.5 pg/ml DAPI solution in PBS for 20 min. After incubation,
the cells were washed with PBS twice and examined by fluores-
cence microscopy (Olympus LX71 microscope). To quantify apop-
tosis, 100-200 cells were monitored in each experiment. To
detect apoptotic cells in situ in lung tissue sections, terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) was performed using the TUNEL assay kit (Takara Bio
Inc., Otsu, Japan) according to the protocol outlined in the online
supplement.

2.4. ROS assay and Western blotting

ROS assay and Western blotting were performed as described
previously [15].

2.5. Immunohistochemistry

Immunohistochemical staining for mouse anti-human Romo1
was performed on formalin-fixed, paraffin-embedded specimens
from humans with lung injury disease. Immunohistochemistry
was performed by using the Vectastain Elite ABC kit (Vector Labo-
ratories, Peterborough, UK) according to the manufacturer’s
instructions. Four-micron-thick sections were deparaffinized in xy-
lene and rehydrated in a graded alcohol. Romo1 antigen retrieval
was accomplished by heating the sections in a steamer with
10 mM citrate buffer (pH 6.0) at 100 °C for 20 min. Endogenous
peroxidases were blocked with 0.3% H,0, in methanol for 5 min.
After washing with PBS for 5 min, slides were blocked with block-
ing serum, and the sections were incubated with primary Romo1
antibody at a 1:100 dilution for 1 h at room temperature. After
incubating with the primary antibody, sections were treated with
biotinylated secondary antibody for 30 min at room temperature,

followed by incubation with the avidin-biotinylated HRP complex
for 1 h. The sections were again incubated with the avidin biotin
complex for 30 min, and the signal was detected using a diam-
inobenzidine tetrahydrochloride substrate. The developed sections
were counterstained with hematoxylin for 10 s.

2.6. Statistical analysis

Data were analyzed with GraphPad PRISM version 4.02 for Win-
dows (GraphPad Software, San Diego, CA, USA) and SPSS version
18.0 statistical software (SPSS, Chicago, IL, USA). Each assay was
performed in triplicate and was independently repeated at least
three times. Statistical analyses were conducted using a 2-way AN-
OVA (analysis of variance). The relationship between Romo1l
immunoreactivity and TUNEL-positivity was evaluated by calculat-
ing Spearman’s correlation coefficient. p-values <0.05 were consid-
ered statistically significant. Means/medians and S.E.s were also
calculated.

3. Results

3.1. Romo1 is a key mediator of mitochondrial ROS production induced
by oxidative stress

Oxidative stress has been reported to increase cellular ROS lev-
els and Romo1 expression [15-17]. Therefore, we investigated the
relationship between increased cellular ROS levels and Romo1l
expression. Cigarette smoke contains many free radicals including
H,0,, hydroxyl and organic radicals, and exposure to it can gener-
ate up to 800 uM H,0, [18,19]. Therefore, we used 200-300 pM
H,0, in this study. We treated BEAS-2B cells with H,0, and mea-
sured Romo1 expression. As shown in Fig. 1A, H,0, treatment in-
creased Romo1 expression in BEAS-2B cells. Because these results
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Fig. 2. H,0,-induced cell death through Romo1l. BEAS-2B cells were transfected
with Romo1 siRNA for 48 h and treated with 300 uM H,0 for 2 h in the presence of
NAC, DPI, myxothiazol or rotenone. The cells were incubated for indicated times
after media change. The results represent the means (+S.E.) of three independent
experiments performed in triplicate. ***p <0.001 vs. control siRNA with H,0,
samples by 2-way ANOVA.
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suggest that Romo1 plays a role in increasing mitochondrial ROS
levels after H,O, treatment, we evaluated whether Romo1 knock-
down suppressed H,0»-induced mitochondrial ROS production.
Romo1l expression was inhibited by Romo1 siRNA transfection, as
observed by Western blotting (Fig. 1B). We examined H,0,-in-
duced change in ROS production by staining the cells with MitoS-
OX, a mitochondrial superoxide indicator. H;0,-induced
mitochondrial ROS production was suppressed by Romo1 knock-
down or NAC pre-treatment in BEAS-2B and A549 cells (Fig. 1C).
This finding was also observed by confocal microscopy (Fig. 1D).
The decreased in H,0,-induced ROS production was quantified
by using MetaMorph software (Universal Imaging). These results
indicate that Romo1 plays an important role in oxidative stress-in-
duced mitochondrial ROS production.

3.2. Oxidative stress-induced cell death is suppressed by Romo1
knockdown

Because H,0, treatment induces apoptosis in a dose- and time-
dependent manner and antioxidants, such as NAC, inhibit oxidative
stress-induced apoptosis [20], we determined whether the de-
creased ROS levels due to Romo1 knockdown inhibited apoptosis
of lung epithelial cells. H,O, treatment induced cell death, which
was inhibited by antioxidant pre-treatment (Fig. 2). Next, we
examined whether Romo1 expression affected H,0,-induced cell
death. As shown in Fig. 2, transfecting Romo1 siRNA partially sup-
pressed cell death compared with transfecting control siRNA.
Treatment with myxothiazole, an electron transport inhibitor at
complex III, had a similar effect. In contrast, diphenyleneiodinium
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(DPI, a flavoprotein inhibitor), which inhibits both NADPH oxidase
activity and mitochondrial ROS production, effectively suppressed
H,0,-induced cell death. However, rotenone, an electron transport
inhibitor at complex I, did not block cell death.

To determine if Romol knockdown inhibits H,0,-induced
apoptosis, Western blotting was performed on protein from cells
transfected with Romo1 siRNA. PARP cleavage in cells treated with
H,0, was blocked by Romo1 knockdown and NAC pre-treatment
(Fig. 3A). Caspase 3 cleavage was also blocked in cells transfected
with Romo1 siRNA. Apoptosis induced by oxidative stress was also
observed by TUNEL and DAPI staining. As shown in Fig. 3B and C,
H,0, treatment induced apoptosis, which was abolished by Romo1
knockdown or NAC pre-treatment. These results demonstrate that
Romo1 induction by oxidative stress plays an important role in oxi-
dative stress-induced mitochondrial ROS production and
apoptosis.

3.3. Romo1 expression is correlated with apoptosis of human tissue in
patients with IPF

To determine whether Romo1 expression is increased in tissue
from patients with IPF, we examined Romo1 expression on paraf-
fin-embedded specimens by immunohistochemical staining. The
alveolar epithelial cells of most patients with IPF (14 of 18) reacted
to an antibody against Romo1, whereas those of most patients
without IPF (12 of 18) did not react to the Romol antibody
(Fig. 4A). As expected, because Romo1 localized to the mitochon-
dria, all Romo1-positive cells were stained in the cytoplasm. TUNEL
staining was also performed in the IPF tissues. TUNEL-positive
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Fig. 3. H,0,-induced apoptotic cell death through Romo1. (A) After transfecting BEAS-2B cells with Romo1 siRNA and incubating for 48 h, the cells were treated with 300 uM
H,0 for 2 h and incubated for 6 h after media change for Western blotting. (B) TUNEL staining of H,0,-induced apoptotic cell death. After transfecting BEAS-2B cells with
Romo1 siRNA for 48 h, the cells were treated with 300 uM H,0, for 2 h and incubated for 6 h for TUNEL staining. Apoptotic cells were observed under inverted light
microscopy (arrows, 200x ). (C) Representative DAPI staining image. Apoptotic cells were observed under inverted light microscopy (arrows, 200x ).



J.A. Shin et al./Biochemical and Biophysical Research Communications 439 (2013) 315-320 319

epithelial cells, which are apoptotic, were seen in most IPF tissues
(13 of 18 patients) but not in most controls (12 of 18 patients). The
quantified immunoreactivity score of Romo1 in patients with IPF
was significantly higher than controls (p < 0.005, Fig. 4B). The num-
ber of TUNEL-positive cells in patients with IPF was also signifi-
cantly higher than controls (p<0.001, Fig. 4B). The Romol
immunoreactivity score corresponded to TUNEL-positivity in all
patients with 18 IPF with a Spearman’s correlation of 0.679
(p<0.01) and in 36 all patients with a correlation of 0.598
(p <0.01). These results indicate that Romo1 overexpression corre-
lates with epithelial cell death in patients with IPF.

4. Discussion

Oxidative stress in excess of the capacity of cells and tissues to
detoxify and scavenge causes imbalanced ROS production and
leads to cell dysfunction. Recent studies showed that oxidative
stress is important in the pathogenesis of lung injury and fibrosis
[21,22]. The respiratory tract is susceptible to endogenous and
exogenous oxidants, especially cigarette smoke [1,2], which con-
tains numerous free radicals such H,0,, hydroxyl and organic rad-
icals [18]. Exposure to cigarette smoke can generate up to 800 uM
H,0, [19]. The free radicals trigger lung injury, contributing to lung
diseases such as COPD, IPF and cancer. Previously, we reported that

Romo1 expression was increased in response to external stresses
such as H,0, exposure, TPA treatment and serum deprivation
[23,24]. This Romo1 induction facilitates ROS production. There-
fore, we determined whether Romo1 expression is involved in oxi-
dative stress that induces mitochondrial ROS production and lung
epithelial cell death. We observed that Romo1l knockdown sup-
pressed the increased mitochondrial ROS production caused by
H,0, treatment in lung epithelial cells. In addition, H,0, treatment
increased Romo1 expression as confirmed by Western blotting and
immunofluorescence. Previous reports demonstrated that Romo1
is located in the mitochondrial membrane and has a role in ROS
production from the mitochondrial electron transport chain
[13,15]. A majority of mitochondrial ROS is produced at complexes
I and III [25]. However because Romo1-derived ROS is inhibited by
complex III inhibitor, Romo1-derived ROS mainly originates from
complex III of the mitochondrial respiratory chain.

Repeated damage and impaired repair of lung epithelial cells
caused by oxidative stress trigger lung injury, which contributes
to diseases such as COPD and pulmonary fibrosis, which have been
linked to lung cancer [26,27]. Increased proliferation and function
of epithelial cells caused by lung injury seem to contribute to lung
cancer development [27]. However, the mechanism by which lung
epithelial cell death in IPF is involved in cancer development has
not been identified. In the present study, we suggest that Romo1
mediates oxidative stress-induced lung injury. Recent reports
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Fig. 4. TUNEL staining and Romo1 expression in alveolar epithelial cells from IPF tissues. (A) Romo1 immunohistochemical staining and TUNEL staining of paraffin-embedded
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demonstrate that Romo1 is overexpressed in a variety of cancer
cell lines and in HCC tissues [12,23]. Here, we showed that Romo1
overexpression was detected in many IPF tissues and it correlated
with epithelial cell death in patients with IPF as observed by TUNEL
staining. However, there is no direct evidence that Romol is in-
volved in lung carcinogenesis. Since lung carcinogenesis is a long
and complicated process, further extensive studies are required
to elucidate the role of Romol1 in lung carcinogenesis.

Chronic oxidative damage is usually observed in the lung tissue
and bronchoalveolar lavage fluid of patients with IPF [8]. In previ-
ous studies using lung tissues from patients with IPF, TUNEL-posi-
tive cells, which are apoptotic, were mainly alveolar epithelial cells
[28]. Apoptosis was also detected in fibrotic lesions to a moderate
degree and was decreased in severe lesions. Epithelial cell apopto-
sis was promoted by a paracrine mechanism and matrix crosslink-
ing reactions [29]. These changes caused by oxidative stress
mediate fibrogenic effects in lung tissues. In the present study,
Romo1 expression was highly correlated with epithelial cell apop-
tosis in lung tissue from patients with IPF. These findings suggest
that Romo1 mediates oxidative stress-induced apoptosis in lung
injury. To investigate the exact role of Romo1 in lung fibrosis, fur-
ther studies are required, but our findings suggest a therapeutic
potential to block lung injury and fibrosis by modulating oxidative
stress-induced apoptosis of lung epithelial cells.
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