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Romol and the NF-kB pathway are involved in
oxidative stress-induced tumor cell invasion
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Abstract. Reactive oxygen species (ROS) are important
contributors to tumor cell invasion. ROS enhanced by reac-
tive oxygen species modulator 1 (Romol) expression has been
reported to increase invasive potential and constitutive activa-
tion of nuclear factor-xB (NF-«xB) in hepatocellular carcinoma
(HCC). Therefore, we investigated whether constitutive NF-xB
activation due to Romol expression is associated with breast
cancer tumor cell invasion. In this study, we show that oxida-
tive stress-induced invasion is mediated by Romol expression.
The Romol-induced increase of invasive activity was blocked
by an inhibitor of kB kinase (IKK). These results demonstrate
that tumor cell invasion in response to oxidative stress is
associated with Romol expression and the NF-«kB signaling
pathway. Romol is therefore a promising therapeutic target for
diseases characterized by NF-xB deregulation.

Introduction

Reactive oxygen species (ROS) are produced endogenously
through the electron transport pathway in mitochondria
as well as various metabolic pathways (1-3). ROS are also
generated in response to exogenous stimuli such as chemical
stress and irradiation, among others (2,3). They promote tumor
progression, including migration, invasiveness and metastasis,
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by activating a variety of signal cascades (4). ROS induced by
3,5,6-trichloro-2-pyridyloxyacetic acid (TPA) play an impor-
tant role in cell migration (4). Treatment of mouse mammary
epithelial cells with a low dose of hydrogen peroxide (H,0,)
resulted in morphological changes and an increase in invasive
potential (5). Invasive potential of cells has also been reported
to be increased by oxidative stress generated from nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase (6).

Nuclear factor-kB (NF-kB) is a transcription factor
involved in the regulation of development, cell growth, immune
response and inflammation (4,7-9). NF-kB is activated by
tumor necrosis factor-a (TNF-a) stimuli and is associated with
tumor cell survival and tumor progression (7). NF-kB func-
tions as an anti-apoptotic factor, and deregulation of NF-kB
is often detected in a variety of cancer cell types (10). NF-xB
activity is upregulated in many cancer cells and contributes to
tumor cell survival and tumor progression (11-13). NF-«B is
activated by ROS produced by the mitochondrial respiratory
chain (14). Exogenous treatment of H,O, regulates NF-«xB acti-
vation through phosphorylation of inhibitor of kB (IkB)a (15).
Inhibitor of kB kinase (IKK) is also a mediator of ROS-induced
NF-xB activation (16). IKK is composed of IKKa and IKK},
which are catalytic kinases, and IKKy, which is a regula-
tory kinase (7). Treatment of cells with antioxidants such as
N-acetyl-L-cysteine (NAC) or pyrrolidine dithiocarbamate
(PDTC) inhibits IKK and NF-«B activation induced by TNF-a
or oxidative stress (17). Several studies have demonstrated that
constitutive NF-«xB activation results from sustained activation
of upstream mediators such as IKK or an increase in the rate
of IkB degradation (18-20). Therefore, cancer cells that show
downregulation of NF-kB by IkB are sensitive to cell death
triggered by anti-cancer drugs (21). Suppression of NF-kB
activity has also been shown to inhibit tumor cell growth in
animal models (13,22).

Reactive oxygen species modulator 1 (Romol) is located
in mitochondria, and upregulated Romol expression increases
cellular ROS levels (23,24). It was suggested that ROS
derived from Romol expression are essential for normal cell
growth (25,26). ROS derived from Romol are needed for
c-Myc induction for cell cycle entry (27). Increased Romol
expression induced by c-Myc also plays arole in Skp2-mediated
c-Myc degradation via a negative-feedback mechanism.
Romol is involved in cell death triggered by serum depriva-
tion, oxidative stress and TNF-a (28-30). Although Romol is
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highly expressed in a variety of cancer cells, the role of Romol
in cancer progression is unclear (24). Romol triggers DNA
damage and its expression is associated with drug-resistance
to 5-FU (31,32). Recently, we reported that Romol is highly
expressed in hepatocellular carcinoma (HCC) and that overex-
pression of Romol is associated with tumor cell invasion (24).
In a subsequent experiment, Romol stimulated NF-kB nuclear
translocation and DNA-binding activity, and its expression was
associated with the constitutive nuclear DNA-binding activity
of NF-kB (33). On the basis of these results, we hypothesized
that tumor cell invasion induced by Romol expression is
associated with the NF-xB signaling pathway. To verify this
hypothesis, we investigated the correlation between Romol
expression and NF-«kB activation in oxidative stress-induced
tumor cell invasion.

Materials and methods

Cell culture. Human breast cancer cell line MDA-MB-231,
human hepatocarcinoma cell line Huh-7 and the SV-40
virus-transformed WI-38 (normal lung fibroblasts) cell line
WI-38 VA13 were purchased from the Korean Cell Line Bank
(Seoul, Korea). Wild-type (WT) mouse embryonic fibroblasts
(MEFs) and IKKa”" and IKKB”- MEFs were kindly provided
by Dr Inder M. Verma (Salk Institute for Biological Studies,
La Jolla, CA, USA). Huh-7, MDA-MB-231, and WT, IKKa™"
and IKK3""MEFs were cultured in Dulbecco's modified Eagle's
medium (DMEM) (Gibco/Invitrogen Life Technologies,
Grand Island, NY, USA) containing 10% heat-inactivated fetal
bovine serum (FBS) (Life Technologies, Grand Island, N,
USA), 100 U/ml of penicillin, and 100 pg/ml streptomycin.
WI-38 VA13 cells were cultured in Eagle's minimal essen-
tial medium (EMEM) (Gibco/Invitrogen Life Technologies)
supplemented with 10% FBS and antibiotics. Cells were
grown and maintained at 37°C in a humidified incubator with
5% carbon dioxide.

Chemicals and reagents. H,0,, NAC, SB203580 (p38
MAPK inhibitor), PD98059 (MKK1/MEK inhibitor), mouse
anti-cytosol-specific-f-actin antibody and anti-Flag (M2)
antibody were purchased from Sigma-Aldrich (St. Louis,
MO, USA). IKK-16, rabbit polyclonal anti-IKKa antibody,
mouse monoclonal anti-IKKp (H4) antibody and mouse
polyclonal anti-p65 antibody were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). Mouse mono-
clonal antibody against Romol was obtained from OriGene
Technologies (Rockville, MD, USA). MitoSOX Red was
purchased from Molecular Probes (Eugene, OR, USA).

Cell transfection. Romol double-stranded small interfering
RNA (siRNA) sequences have been described previously (27,32).
Control and Romol siRNA were purchased from Bioneer Corp.
(Daejeon, Korea). cDNAs encoding Flag-Romol WT were
described previously (29). Cells were transfected in 6-well
plates or 60-mm dishes using Lipofectamine 2000 (Invitrogen
Life Technologies) according to the manufacturer's instructions.

Invasion assay. Invasion assays were performed using poly-
carbonate nucleopore membranes (Corning, Inc., Corning,
NY, USA). Matrigel (1 mg/ml) was coated onto the membrane
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of a Transwell (6.5 mm in diameter, 8.0 xm pore size). Cells
were suspended in serum-free media supplemented with 0.1%
filtered bovine serum albumin (BSA). Cells were seeded on
the Matrigel-coated membrane matrix of the Transwell. Cell
culture media containing 10% FBS were added to the lower
chamber of the Transwell, and cells were incubated for 24 h
in a 37°C incubator. Invasive cells were fixed and stained
with Hemacolor® staining solution (Merck KGaA, Darmstadt,
Germany). The number of invasive cells was counted using
light microscopy.

Immunofluorescence assay. Cells were fixed in 4% formalde-
hyde in phosphate-buffered saline (PBS), for 10 min at room
temperature. After fixation, cells were washed with PBS and
treated with 0.1% Triton X-100 in PBS for 5 min at 4°C. Cells
were then treated with blocking solution (2% BSA in PBS)
for 1 h at 37°C. Cells were incubated with primary antibodies
in PBS with 1% BSA and 0.1% Triton X-100 for 1 h at 37°C.
After washing in PBS, cells were incubated with appro-
priate secondary antibodies in PBS with 1% BSA and 0.1%
Triton X-100 for 30 min at 37°C. After washing in PBS, cells
were incubated with DAPI in PBS (1:10,000) for 10 min at
room temperature. Cells were then washed three times in PBS
and mounted on glass slides. Confocal analysis was performed
using an Olympus LX 50 microscope.

Measurement of ROS generation. Cellular levels of ROS were
determined using MitoSOX Red. Cells were stained with 5 M
MitoSOX Red at 37°C for 20 min. After incubation, cells were
washed with PBS, collected in trypsin-EDTA, and suspended
in PBS. Fluorescence was measured using a FACScan flow
cytometry system (BD Biosciences, Franklin Lakes, NJ, USA).

Electrophoretic mobility shift assay (EMSA). Nuclear
proteins were extracted using the NE-PER® Nuclear and
Cytoplasmic Extraction Reagents kit (Pierce Biotechnology,
Inc. Rockford, IL, USA), according to the manufacturer's
instructions. EMSAs for NF-kB were performed using the
Gelshift™ Chemiluminescent EMSA kit (Active Motif,
Carlsbad, CA, USA) following the manufacturer's instructions.
Biotin 3'-end-labeled double-stranded NF-xB oligonucleotide
(5'-AGTTGAGGGGACTTTCCCAGGC-3') was purchased
from Bioneer Corp. Nuclear protein-NF-kB-labeled oligonu-
cleotide complexes were separated from free NF-kB-labeled
oligonucleotides by electrophoresis through 6% (w/v)
polyacrylamide gels. After electrophoretic separation,
NF-kB-labeled oligonucleotide-protein complexes were trans-
ferred to nylon membranes. Membranes were crosslinked,
blocked and detected by chemiluminescence.

Western blot analysis. Protein extracts of cells were separated
via electrophoresis and transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore, Billerica, MA, USA). After
blocking with 10% non-fat dry milk in TBST, membranes
were incubated overnight with the appropriate primary
antibodies and peroxidase-conjugated secondary antibody.
Then, appropriate HRP-conjugated secondary antibodies
were added, and protein-antibody complexes were visualized
using enhanced chemiluminescence (ECL) reagents (Pierce
Biotechnology, Inc.).
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Figure 1. Reactive oxygen species modulator 1 (Romol)-induced invasion of tumor cells via nuclear factor-kB (NF-«xB) signaling. Flag-tagged Romol was
transfected into (A) MDA-MB-231 and (C) Huh-7 cells that were then treated with various inhibitors for 14 h. Cell invasion was measured using a Boyden
chamber invasion assay. (B and D) Data are presented as the means + SEs of at least three independent experiments. "P<0.05 vs. control and “P<0.05;

#P<0.01 vs. Flag-Romol by one-way analysis of variance (ANOVA).

RNA preparation, reverse transcription, and polymerase chain
reaction (PCR) analysis. Total cellular RNA was prepared using
TRIzol reagent (Invitrogen Life Technologies). To synthesize
cDNAs, reverse transcription reactions were performed using
the following primers: Romol forward, 5'-CTGTCTCAG
GATCGGAATGCG-3' and reverse, 5-CATCGGATGCCCAT
CCCAATG-3"; and fB-actin forward, 5'-GAAATCGTGCGT
GACATTAAGGAGAAG-3' and reverse, 5'-CTAGAAGCA
TTTGCGGTGGACGATGGAGGGGCC-3'. Amplification was
performed using a MyCycler Thermal Cycler (Bio-Rad,
Hercules, CA, USA). Amplified PCR products were separated
on a 1% agarose gel and visualized using ethidium bromide
(EtBr) staining.

Statistical analysis. All experiments were performed indepen-
dently at least three times. Data are expressed as means + SDs,
as calculated by GraphPad PRISM version 4.02 for Windows
(GraphPad Software, Inc., San Diego, CA, USA). P<0.05 was
considered statistically significant.

Results

Romol-induced invasion involves NF-xB activation. Romol
expression is known to enhance the invasive activity of tumor

cells (24). Romol also contributes to constitutive activation
of NF-xB (33). To determine whether constitutive activation
of NF-«B is involved in Romol-induced invasion, we treated
cells with the antioxidant NAC, IKK inhibitor (IKK-16), p38
MAPK inhibitor (SB203580) and MKK1/MEK inhibitor
(PD98059). Although Romol-triggered invasion was not
affected by inhibitors of p38 and MEK, it was suppressed
by treatment with IKK inhibitor or NAC in MDA-MB-231
cells (Fig. 1A). Similarly, when Huh-7 cells were treated with
NAC, IKK inhibitor, p38 inhibitor, or MEK inhibitor, the
same result was obtained (Fig. 1C). These results suggest that
Romol-induced invasion is mediated by the NF-kB pathway.

Oxidative stress-induced NF-kB activation and tumor cell
invasion requires Romol. Oxidative stress is known to induce
cancer cell invasion (34,35). Therefore, we explored whether
Romol expression is required for oxidative stress-induced
invasion of tumor cells. As shown in Fig. 2A, cell invasion
triggered by H,O, treatment was blocked by Romol knock-
down in MDA-MB-231 cells. Similar results were obtained
using Huh-7 cells (Fig. 2C), suggesting that Romol is needed
for tumor cell invasion in response to oxidative stress. Romol
knockdown by Romol siRNA was examined by RT-PCR (data
not shown).
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Figure 2. Oxidative stress-induced tumor cell invasion mediated by the reactive oxygen species modulator 1 (Romol). Romol induced tumor cell invasion.
After (A) MDA-MB-231 and (C) Huh-7 cells were transfected with Romol small interfering RNA (siRNA) for 24 h, cells were treated with hydrogen peroxide
(H,0,) for 1 h. Cell culture media were replaced with fresh media without H,0, and cells were further incubated for 23 h at 37°C. Cell invasion was examined
via the Boyden chamber invasion assay. (B and D) Data are presented as means = SEs of at least three independent experiments. "P<0.05; ““P<0.01 vs. control
by one-way analysis of variance (ANOVA).
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Figure 3. Oxidative stress-induced reactive oxygen species (ROS) production through the reactive oxygen species modulator 1 (Romol). (A) WI-38 VA13 cells
treated with hydrogen peroxide (H,0,) (500 uM) for the indicated times were stained with anti-Romol antibody (red) and observed by fluorescence microscopy.
Images were quantified using MetaMorph software (Universal Imaging Corp., Bedford Hills, N'Y, USA). "P<0.05; “P<0.01 vs. untreated control small interfering
RNA (siRNA) by two-way analysis of variance (ANOVA). (B) Cells were transfected with Romol siRNA and treated with H,O, in the presence or absence of
N-acetyl-L-cysteine (NAC) for 1 h. After a change of medium and further culture for 2 h, cells were stained with MitoSOX Red for 30 min and ROS levels were
measured by flow cytometry. “P<0.01 vs. control and "P<0.05; “P<0.01 vs. control siRNA with treatment of H,0, by two-way analysis of variance (ANOVA).
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Figure 4. Oxidative stress-induced nuclear factor-kB (NF-kB) activation of tumor cells through the reactive oxygen species modulator 1 (Romol).
(A) Electrophoretic mobility shift assay (EMSA) was performed using nuclear extracts isolated at the indicated times from WI-38 VAI13 cells treated with
hydrogen peroxide (H,0,) for 3 h. (B) EMSA was performed using WI-38 VA13 cells transfected with Romo/ small interfering RNA (siRNA) and treated with
H,0,. (C) EMSA was performed using HEK 293 cells and Huh-7 cells transfected with Romol siRNA and treated with H,0,.

NF-«B is a major transcription factor involved in sensing
H,0O,-mediated oxidative stress (14,36). To evaluate the
role of Romol in chronic oxidative stress-induced NF-xB
activation, we first confirmed the pathway of activation,
that is, H,0,-Romol-ROS-NF-kB. Following treatment
of WI-38 VA13 cells with H,0,, Romol expression was
observed to increase on fluorescence microscopy (Fig. 3A).
Production of ROS following H,O, treatment was measured
by staining cells with MitoSOX Red (an indicator of mito-
chondrial superoxide). Flow cytometric analysis showed
that Romol depletion and NAC treatment partially inhibited
H,0,-mediated ROS production (Fig. 3B). To clarify the role
of Romol in H,0,-induced NF-«B activation, WI-38 VA13
cells were treated with H,0, and an EMSA was performed.
As shown in Fig. 4A, the DNA-binding activity of NF-xB
increased following H,O, treatment, and binding activity was
sustained for up to 9 h. H,0,-mediated NF-«kB activation was
suppressed by Romol knockdown (Fig. 4B). This finding was
also confirmed in HEK 293 and Huh-7 cells (Fig. 4C). These
results demonstrated that oxidative stress can induce NF-kB
activation through Romol expression.

Romol-induced NF-xB activation and invasion of cells involves
IKK. Catalytic subunits of the IKK complex, namely IKKo and
IKKB, are principally involved in IkBa phosphorylation (8).
To determine whether Romol regulates NF-xB activation
via the IKK complex, we used IKKa- or IKKp-deficient
cells (IKKa " and IKKB™) derived from primary MEFs. As
shown in Fig. 5A, Romol expression triggered the nuclear

translocation of p65 in WT MEFs. However, the nuclear trans-
location of p65 was not detectable in IKKa” cells. In contrast,
p65 was partially detectable in the nucleus of IKKp™ cells.
This result was confirmed by EMSA, and the same result was
observed, as shown in Fig. SB. Expression of IKKa and IKKf3
was examined by western blot analysis (Fig. 5C). Together,
these results demonstrate that IKKa is an essential mediator
of NF-«B activation induced by Romol expression.

To further investigate the importance of IKKa in Romol-
induced invasion, Romol was expressed in WT MEF,
IKKa” and IKKB” MEF cells, and Romol-induced invasion
was assessed. As expected, IKKa” and IKK” MEF cells were
less invasive than WT MEF cells. Romol-induced invasion
was suppressed in IKKa ™" cells and was partially suppressed
in IKKp™" cells (Fig. 6).

Discussion

Oxidative stress is a contributor to cancer cell invasion (4,37).
ROS are closely associated with the NF-kB pathway and,
as a result, stimulate the MMPs involved in invasion and
metastasis (4). A variety of cellular stresses, including
carcinogens, cigarette smoke and TPA, may induce NF-kB
expression as well as the expression of pro-inflammatory
genes (10,38). Romol expression is similarly induced by a
variety of stresses such as TPA, H,0, and chemotherapeutic
agents (24,29,32). This implies that stress-induced NF-kB
activation could be mediated by Romol expression. In the
present study, H,0O,-induced NF-«B activation was associated
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Figure 5. The reactive oxygen species modulator 1 (Romol)-induced nuclear factor-xB (NF-kB) activation through the inhibitor of kB kinase (IKK).
(A) Wild-type (WT), IKKa”- and IKKB” mouse embryonic fibroblast (MEF) cells were stained with anti-p65 antibody (green) or anti-Flag antibody (red)
after Flag-tagged Romol transfection, and subcellular localization of p65 was then observed by confocal microscopy, with 100 cells monitored per experi-
ment. Representative results from three independent experiments are shown. (B) Nuclear extracts were isolated from WT MEF, IKKa”" and IKKB™ cells after
Flag-tagged Romol transfection, and the DNA-binding activity of NF-kB was determined by electrophoretic mobility shift assay (EMSA). (C) Expression of

IKKa and IKK was evaluated by western blot analysis.
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Figure 7. Diagram showing the putative role of the reactive oxygen species
modulator 1 (Romol) and the nuclear factor-xB (NF-kB) pathway in oxida-
tive stress-induced tumor cell invasion.

with Romol expression (Fig. 4). In a previous report, we
demonstrated that increased NF-«B activity was decreased by
Romol knockdown and that Romol overexpression induced
translocation of NF-«kB into the nucleus and its binding to
DNA (33). These results indicated that an increase in activity
of NF-«B in tumor cells is closely related to Romol expres-
sion triggered by oxidative stress. Because aberrant NF-xB
activation is associated with a variety of inflammatory
diseases, drug-development efforts have targeted components
of NF-«xB signaling such as IkBa degradation, IKK activity
and NF-«B binding to DNA (11,39). Our results suggest that
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Romol is another potential therapeutic target for diseases
involving NF-kB deregulation.

NF-«B plays a key role in tumor cell invasion (20), there-
fore we investigated whether oxidative stress-induced Romol
expression is associated with tumor cell invasion via NF-kB
signaling. In previous studies, we showed that TPA-induced
invasion of HCC is mediated by Romol expression and that
Romol expression is closely related to constitutive activation
of NF-«B (24,33). Increased NF-«B activity has been reported
in many types of cancer cells, and this deregulated NF-xB
activity is responsible for cell proliferation, progression and
resistance to apoptosis of various tumor cells (11,12,40). In the
present study, we showed that Romol-triggered cell invasion
was suppressed by NF-kB inhibition. These results demon-
strate that Romol-induced tumor cell invasion is mediated by
NF-«xB activation. Constitutive NF-xB activation is also due
to Romol expression (33). A variety of stresses induce NF-kB
activation (17,41). Romol expression is also enhanced by
various stresses in tumor cells (24). Therefore, we suggest that
various types of stress, particularly oxidative stress, promote
tumor cell invasion through Romol expression and constitu-
tive NF-kB activation.

It has been reported that deregulated NF-kB activation is
due to constitutive activation of an upstream mediator, such
as IKK, or an increase in the rate of IxkB degradation (18,20).
IKKf participates in most canonical signaling pathways
leading to NF-«B activation. However, IKKa may also partici-
pate in ROS-induced NF-«xB activation in TNF-a-treated
cells (17). In some cells, IKKa plays a prominent role in
regulating constitutive NF-«kB activity (19). We demonstrated
in the current study that tumor cell invasion induced by Romol
overexpression was blocked by NAC and IKK-16 (Fig. 1). This
result implied that tumor cell invasion induced by Romol
expression was mediated by IKK activity. Therefore, we
investigated the involvement of IKK by performing experi-
ments in IKKa- or IKKf-deficient cells. We found that while
both IKKa and IKKf contributed to Romol-induced NF-xB
activation, IKKa was the major mediator. The putative role
of Romol in oxidative stress-induced tumor cell invasion via
the NF-kB pathway is summarized in Fig. 7. Based on these
results and those of previous studies, we suggest that Romol
is an important upstream mediator of constitutive activation of
the NF-«xB pathway responsible for tumor cell invasion.
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