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Reactive oxygen species (ROS) reduce the expression of BRAK/
CXCL14 in human head and neck squamous cell carcinoma cells
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Abstract

The present study investigated the effects of oxidative stress induced by reactive oxygen species (ROS), such as hydrogen
peroxide (H,0,) and hydroxyl radical (HO"), on the expression of both BRAK , which is also known as non-ELR motif angi-
ostatic CXC chemokine ligand 14 (CXCL14), in head and neck squamous cell carcinoma (HNSCC) cells. When HNSCC
cells were cultured in the presence of ROS, the expression of BRAK was significantly decreased whereas that of IL-8 was
increased. Interestingly, the effects on the expression of both genes in HNSCC cells were much greater with HO® than with
H,0,. The effects of ROS on both BRAK and IL-8 expression were attenuated by pre-treatment with N-acetyl-L-cysteine
(NAC), epidermal growth factor receptor (EGFR), and mitogen-activated protein kinase (MAPK) inhibitors. These results
indicate that oxidative stress induced by H,0, or HO" stimulates angiogenesis and tumuor progression by altering the gene
expression of BRAK and IL-8 via the EGFR/MEK/ERK pathway in human HNSCC cells.

Keywords: Reactive oxygen species, BRAK, IL-8, H,0,, hydroxyl radical, HNSCC cell

Abbreviations: BRAK, breast and kidney-expressed chemokine; CXCL14, CXC chemokine ligand 14; DC, dendritic cells;
DMEM, Dulbecco’s modified Eagle’s medium; DMPO, 5, 5-dimethyl-1-pyrroline-N-oxide; DNTB, 5 -dithiobis-2-nitrobenzoic
acid; EGFR, epidermal growth factor receptors ESR, electron spin resonance; GAPDH, Glyceraldehyde 3-phosphate
dehydrogenase; HNSCC, head and neck squamous cell carcinoma; H,O,, hydrogen peroxide; HO', hydroxyl radical; 1L-8,
Interleukin-8/CXCLS8; MAPK, mitogen-activated protein kinase; MnO, manganese oxide; MTT, 3-(4,5-dimethyl-2-thiazolyl) -
2,5-diphenyl-2H tetrazolium bromide; NAC, N-Acetyl-L-Cysteine; NADPH, nicotinamide adenine dinucleotide phosphate;
NF-kB, nuclear factor kappa-B; ROS, reactive oxygen species; SCC, squamous cell carcinoma; O, superoxide; TAMs,
tumour-associated macrophages; TBS, Tris-buffered saline.

Introduction physiological rates of ROS generation may account

Reactive oxygen species (ROS) such as superoxide
(0,7, hydrogen peroxide (H,O,), and hydroxyl rad-
ical (HO"), are formed in vivo and can act as powerful
oxidizing agents, capable of damaging DNA and
other biomolecules. Increased formation of ROS can
promote the development of malignancy, and the

for the increased risk of cancer development associ-
ated with ageing [1]. It is possible that ROS act as
critical angiogenic factors and participate closely in
tumour initiation/progression. ROS stimulate pro-
duction of the angiogenic chemokine IL.-8 through
activation of nuclear factor kappa-B (NF-xB) and
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mitogen-activated protein kinase (MAPK) pathways
in human head and neck squamous cell carcinoma
(HNSCCQC) cells [2,3]. The direct influence of con-
stitutive stimulation of ROS is not known but has
been linked to angiogenic/angiostatic chemokines,
particularly CXCL14/BRAK.

In contrast, non-ELLR motif chemokines, such as
angiostatic chemokine CXCL14/BRAK, have been
reported to contribute to infiltration of B-cells,
monocytes and dendritic cells (DC) into tumour
tissues [4,5]. Generally, BRAK mRNA is abundantly
expressed in normal tissues, but expression is absent
or weak in certain carcinomas and carcinoma-cell
lines, including HNSCC cells [6-8]. We previously
demonstrated that BRAK has potent anti-tumour
activity in HNSCC cells [8]. It is not yet known
whether BRAK expression in tumour tissues is
affected by the pericellular environment (e.g. hypoxia)
and oxidative stress induced by ROS.

With respect to lung cancer, experimental
studies in rats, as well as molecular epidemiological
studies in humans, have provided evidence that the
influx of inflammatory cells, such as neutrophils,
into the airways may be an important process linking
inflammation with carcinogenesis [9]. Tumours
require a constant influx of other inflammatory cells
such as tumour-associated macrophages (TAMs),
which also play an important role in the i vivo
induction of angiogenesis in HNSCC, to support
the angiogenesis and stroma remodelling needed
for tumour growth [10,11]. In addition to pro-
ducing angiogenic chemokines, inflammatory
cells also generate ROS such as O,", H,0, and HO"
via a plasma membrane-bound nicotinamide ade-
nine dinucleotide phosphate (NADPH)-oxidase
[12-14].

Since the discovery in 1991 that NF-xB may
be activated by H,O,, several laboratories have
put a substantial effort into analysing the molecular
mechanisms underlying this activation [15]. Typi-
cally, studies on the effects of ROS in carcinoma cell
lines have utilized H,O,. Challenging HSNCC
cells with H,O, has been shown to increase pro-
duction of vascular endothelial growth factor and
IL-8 [2]. TAMs may also generate HO" from H,0,
via the Fenton/Haber-Weiss reaction catalysed by
Fe?™ and Cu?" in tumor tissue [16]. HO" is a very
potent oxidizing agent and its production has been
shown to correlate with tumour development
[1,14,17,18]; however it is not known whether H,0O,
and HO® have a direct effect on angiogenic chemok-
ines such as IL.-8 or BRAK involved in tumour-cell
signalling.

It has been reported that epidermal growth factor
receptor (EGFR) is highly expressed in a lot of types
of carcinoma, including human HNSCC cells, and
high level expression of EGFR decreases survival rates
due to a strong prognostic indicator [19]. Moreover,

ROS such as H,0, stimulates production of angio-
genic chemokine IL-8 through activation of NF-xB
and MAPK including EGFR/MEK/ERK pathway in
human HNSCC cells [2,3]. Recent studies suggest
that O, and H,0, are mitogenic mediators of acti-
vated growth-factor receptor signalling [20]. We pre-
viously reported that the expression of BRAK was
down-regulated significantly in HNSCC cells treated
with EGF [8]. Our laboratories previously developed
an electron spin resonance (ESR)-based technique
for the direct detection of ROS in biological systems
[12,13,18,21-25]. In the present study, we found that
ROS directly induced the angiogenesis of tumour
progression to regulate the gene expression of angio-
static chemokine (BRAK)/angiogenic (IL-8) in
HNSCC cells via the EGFR/MEK/ERK pathway in
human HNSCC cells.

Materials and methods
Materials and reagents

Gefitinib (ZD 1839, Iressa) was kindly provided by
AstraZeneca (Macclesfield, UK), Recombinant EGF
and N-acetyl-L-cysteine (NAC) were purchased from
Sigma (St. Louis, MO) and NAC stock was made in
water and neutralized with 5 mol/Ll. NaOH. Other
reagents and their sources were the following: hydro-
gen peroxide (H,0,), FeSO,, gentamicin sulphate,
HEPES, trypsin, and EDTA from Wako Chemical
(Osaka, Japan); 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) from Labotec (Tokyo, Japan); Dulbecco’s
modified Eagle’s medium (DMEM) from Nissui
Seiyaku (Tokyo, Japan); Coulter Counter from
Beckman Coulter (Fullerton, CA); foetal bovine
serum from Trance Scientific (Melbourne, Australia);
PD 98059, U-0126 and PD 153035 from Calbiochem
(San Diego, CA); Fungizone, Super Script II reverse
transcriptae, TRIzol total RNA isolation reagent,
SuperScript First-strand Synthesis system and iBlot
gel transfer stacks PVDF from Invitrogen (Carlsbad,
CA); Ex Tag DNA polymerase from TaKaRa (Otsu,
Japan); 2 X Full Velocity QPCR Master MiX from
STRATAGENE (Tokyo, Japan); TagMan Gene
Expression Assay kits and MX3000P from STRATA-
GENE (Tokyo, Japan); Anti-phosphorylated ERK
antibody, Anti-ERK antibody and RIPA buffer
from Santa Cruz (CA, USA); Anti-phosphorylated
EGFR antibody from Millipore (Mississauga, ON);
Anti ERK antibody from Cell Signaling Technology
(Beverly, MA); ECL™ Anti-rabbit horseradish
peroxidase-linked whole antibody from Amersham
(Buckinghamshire, UK); Lumi-Light Western
Blotting substrate from Roche Molecular Biochemi-
cals (Mannheim, Germany); CXCL14 Duo Set
ELISA Development System kits from R&D Systems
(Abington, UK); and Quanta Blue Fluorogenic Peroxi-
dase Substrate Kit from Pierce (Rockford, IL).
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In vitro ESR measurement

HO® was generated by Fenton reaction (H,0, +
FeSO,) as described previously [17,18,25]. All
solutions were prepared in serum-free DMEM
(DMEM-0). ESR spin-trapping was conducted with
an ROS-generating system containing DMPO. ESR
observations were performed with a JES-REIX
X-band spectrometer (JEOL, Tokyo, Japan) connected
to aWIN-RAD ESR Data Analyser (Radical Research,
Tokyo, Japan) at the following instrument settings:
microwave power, 8.00 mW; magnetic field, 335.3 +
5 mT or 334.7 = 5 mT; field modulation width,
0.079 mT; receiver gain, 100—-500; sweep time, 1 min;
and time constant, 0.03 s.To quantify the spin adducts
detected, we obtained ESR spectra for manganese
oxide (MnO) standards. After the ESR spectra were
recorded, the signal intensity, expressed as relative
height, was normalized against the signal intensity of
the MnO standard. All experiments were repeated a
minimum of three times.

Cells and cell culture

The HNSCC cell lines used in this study were as fol-
lows: HSC-2 (oral floor), HSC-3 (tongue) and HSC-4
(tongue) [26]. These cell lines were provided by the
Japanese Cancer Research Resources Bank (JCRB).
The cells were cultured with DMEM in the presence
of 50 ng/ml gentamicin sulphate, 250 ng/ml fangizone,
12.6 mM HEPES and 10% FBS at 37°C under 5%
CO,, and were sub-cultured by treatment with 0.25%
trypsin. Cells were used within three or four passages.
Cell numbers were counted with a Coulter Counter.

Measurement of total glutathione (GSH and GSSH)

Total glutathione (GSH and GSSH) levels in HSC-2
cells were quantified using the Total Glutathione
Quantification Kit. HSC-2 cells were seeded (4 X
105 cells/well) on a 35-mm diameter dish. Nearly
confluent cells were serum starved overnight. After
incubation with or without NAC for 4 h, the cells
were homogenized in 10 mM HCI and placed into a
96-well plate. Intracellular GSH and GSSH were
reacted with 5°-dithiobis-2-nitrobenzoic acid (DNTB)
and the absorbance was measured spectrophotomet-
rically at 405 nm.

Cell viability axssay

HSC-2, HSC-3 and HSC-4 cells were seeded (5 X
103 cells/well) in 96-well plates. Nearly confluent cells
were serum-starved overnight and cultured in
DMEM-0 with various concentrations of H,0,, with
or without FeSO,, for 6 h. For the 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H tetrazolium bromide
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(MTT) assay, we used Tetracolor One, a water-soluble
derivative of MTT which is reduced to a formazan
product by active mitochondrial enzymes in living
cells. After adding 10 ul of the dye solution to each
well, the plates were incubated for 120 min at 37°C.
After incubation, a microplate reader was used to
measure the absorbance at 450 nm. Absorbance
values were expressed as a percentage of the absor-
bance for untreated cells, and the concentration of
H,0, with or without FeSO, resulting in 50% growth
inhibition (IC,) was calculated. All experiments were
done in triplicate.

Reverse transcription-polymerase chain reaction
(RT-PCR)

HNSCC cells were inoculated (4 X 10 cells/well) on
a 35-mm diameter dish. After serum starvation over-
night, the cells were cultured in DMEM-0 in the
presence of H,0, (250uM) with or without FeSO,
(250 uM) for 6 h. Total RNA (1 pg) was extracted
using TRIzol total RNA isolation reagent and analy-
sed for BRAK and IL-8 mRNA expression by RT-
PCR. An aliquot of each sample was denatured and
reverse transcribed by using a SuperScript First-
strand Synthesis system according to the manufac-
turer’s protocols. The PCR amplification was carried
out on the RT reaction product with primers and 0.5
units of EX Taq polymerase. The primer sets used
were as follows: BRAK (232 bp), -AATGAAGCCA
AAGTACCCGC-3'-(forward) and 5'-AGTCCTTT
GCACAAGTCTCC-3" (reverse); IL-8 (342 bp),
GCCAAGGAGTGCTAAAGAAC-(forward) and
5'-CATCTGGCAACCCTACAACA-3’ (reverse). Gly-
ceraldehyde 3-phosphate dehydrogenase (GAPDH)
mRNA was co-amplified as an internal control [752
bp, 5-GTGAAGGTCGGAGTCAACGG-3' (for-
ward) and 5'-GGCAGGTTTTTCTAGACGGC-3’
(reverse)]. The PCR products were separated on 2%
agarose gel and visualized by ethidium bromide stain-
ing as previously reported [27].

Real-time RT-PCR analysis

Complementary DNAs were prepared by using a
SuperScript First-strand Synthesis system and real-
time PCR was performed with 2 X FullVelocity
QPCR Master MiX and TagMan Gene Expression
Assay kits. Amplifications were carried out using
an MX3000P PCR apparatus for 40 cycles after ini-
tial denaturation at 95°C for 2 min. The standard
reaction conditions were 95°C for 10 s for denatur-
ation and 60°C for 30 s for annealing and polymer-
ization. The following specific primers were used:
Hs99999905_m1 for GAPDH; Hs00171135_ml
for CXCLI14/BRAK; and Hs00174103_ml for
CXCLS/IL-8. For analysis of PCR products by gel
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electrophoresis, the PCR conditions were 94°C for
2 min followed by 17-24 cycles at 95°C for 10 s,
annealing at 60°C for 30 s and polymerization at
72°C for 30 s. PCR products were visualized by stain-
ing with ethidium bromide after separation by agarose
gel electrophoresis.

Protein quantification

HNSCC cells were inoculated (4 X 10° cells/well)
on a 35-mm diameter dish. After being serum-starved
overnight, these cells were cultured in DMEM-0
with the presence of H,0, (250 uM) with or without
FeSO, (250uM) for 48 h. These cells were isolated
with RIPA buffer. Culture medium was also col-
lected and concentrated with cold acetone, samples
were diluted in RIPA buffer. These protein levels of
BRAK were quantified using CXCL14 Duo Set
ELISA Development System Kkits following the manu-
facturer’s instruction, except for the detection step
that used a Quanta Blue Fluorogenic Peroxidase
Substrate Kit.

Western blotting

HNSCC cells were inoculated (4 X 103 cells/well) on
a 35-mm diameter dish. After serum starvation over-
night, the cells were cultured in DMEM-0 in the pres-
ence of H,0, (250 uM) with or without FeSO, (250
uM) for various incubation times (0.25, 0.5, 1, 2, 4 h).
Samples were boiled for 10 min at 100°C prior to
electrophoresis on 4-20% gradient polyacrylamide
gels. Proteins were transferred onto a PVDF mem-
brane using the iBlot dry blotting system at constant
voltage of 20 volts for 8 min. The blots were blocked
in 3% non-fat dry milk in Tris-buffered saline (TBS)
with 0.05% Tween20 for 1 h at room temperature,
and then incubated with primary antibodies overnight
at 4°C in blocking solution. The dilution factors for
the primary antibodies were as follows: p-EGFR
(polyclonal, 1:200), EGFR (polyclonal, 1:200),
p-ERK1/2 (polyclonal, 1:100), ERK (polyclonal,
1:100). Secondary antibodies, goat ECL™ anti-
rabbit horseradish peroxidase-linked whole antibody
were diluted 1:2000 in blocking solution (3% non-fat
dry milk in TBS containing 0.05% Tween 20). The
blots were washed and incubated with secondary
antibodies for 1 h at room temperature in blocking
solution. Immunoreactive bands were visualized by
using Lumi-Light western blotting substrate.

Statistical analysis

Results are expressed as mean * SD. Statistical anal-
ysis was performed using Student’s z-test or one-
way analysis of variance. A p-value less than 0.05 was
considered to be statistically significant.

Results

Determination of hydroxyl radical (HO") in culture
medium using X-band ESR measurement

In the current study, HO® was generated using the
Fenton reaction and detected using the X-band ESR
spin trapping technique with DMPO as the spin trap
[17,18,25]. We observed the characteristic ESR spec-
tra of DMPO-OH spin adduct with hyperfine split-
ting giving rise to four resolved peaks (Figure 1A),
indicative of HO" generation. The top spectrum is a
computer-simulated spectrum for the DMPO-OH
spin adduct. The spectra obtained from Fenton reac-
tion with different concentrations of H,O, or FeSO,
(0-250 uM) were observed. Figure 1B shows the sig-
nal intensity of the second peak of the spectrum which
was normalized to the peak height of the MnO stan-
dard. The signal intensity was increased in a dose-
dependent manner in the presence of H,O, or FeSO,.
To investigate the time dependency of HO® genera-
tion, we used 250 uM H,0, or FeSO, (Figures 1C
and D). As shown in Figure 1C, DMPO-OH spin
adducts were observed at 1, 2, 4, 5 and 30 min after
addition of H,O,. The relative amount of HO"
decreased in a time-dependent manner (Figure 1D).

Furthermore, we examined the IC,, of HNSCC
cells to ascertain whether the concentrations of ROS
in our studies had an inhibitory effect on cell prolif-
eration. The IC, ) of HNSCC cells was determined by
MTT assay after treatment with H,O, and HO"
(H,0,/FeSO,) for 24 h. The average IC,, against
H,0, was: HSC-2 (849 = 71 uM), HSC-3 (495 =
19 uM) and HSC-4 (648 = 11 uM) and the average
IC;, against HO® (H,0,/FeSO,) was: HSC-2 (849 *
71 uM), HSC-3 (495 = 19 uM) and HSC-4 (648 =
11 uM). These concentrations (0-250 uM) of H,0O,
and/or FeSO, which were used for ROS treatment
in our studies were much lower than the growth-
inhibitory dose (Figure 1E).

Reactive oxygen species (ROS) decrease the expression
of the angiostatic chemokine BRAK in human
HNSCC cells

It has been previously reported that ROS (i.e. H,0,)
increase the expression of the angiogenic chemokine
IL-8 via activation of MAPK and NF-kB pathways in
HNSCC cells [2]. In order to investigate ROS-
mediated rupture mechanisms via regulation of BRAK
expression, we examined the expression of BRAK
using real-time PCR analysis in HNSCC cells treated
with H,0, and HO". We confirmed that IL-8 mRNA
levels were significantly increased by treatment with
H,O, in three kinds of HNSCC cells. On the other
hand, BRAK mRNA levels were significantly
decreased by H,O, treatment. Interestingly, the
effects of HO® treatment on the expression of both
angiogenesis related-chemokine genes were much
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Figure 1. Measurement of hydroxyl radical generation from Fenton’s reaction by X-band ESR spin trapping technique. (A) The computer-
simulated spectrum for hydroxyl radical adduct (top). Hydroxyl radical was generated from H,O, (0, 1, 10, 100, 250 uM) and FeSO,
(0, 1, 10, 100, 250 uM) in DMEM-0 with the spin trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO; 50 mM). (B) The signal intensity
(second peak of the spectrum) was normalized as the relative height against the signal intensity of the manganese oxide standard. Data
are presented as mean * SD of triplicate experiments. **Significantly different from the signal intensity generated from H,O, and FeSO,
(0 uM). *p < 0.01 (Student’s r-test). (C) Time-dependent hydroxyl radical generation from H,0, (250 uM) and FeSO, (250 uM) in
DMEM-0 with DMPO (220 mM). The ESR spectra of DMPO-OH spin adduct were obtained in 1, 2, 4, 5, 30 min after addition of
H,0,. (D) The signal intensity (second peak of the spectrum) was normalized as the relative height against the signal intensity of the
manganese oxide standard. The relative amount of hydroxyl radical was calculated by relative height against the signal intensity at 1 min
after addition H,O,. Data are presented as mean = SD of triplicate experiments. (E) HSC-2, HSC-3 and HSC-4 cells were seeded (5 X
103 cells/well) in 96-well plates. Nearly confluent cells were serum-starved overnight and the cells were cultured in DMEM-0 with various
concentrations of H,0, and/or FeSO, for 24 h. Cell viability was determined by the absorbance at 450 nm after 3 h incubation with
Tetracolor ONE. Absorbance values were expressed as a percentage relative to untreated cells and the concentration of H,0, and/or FeSO,
resulting in 50% growth inhibition (IC,)) was calculated. All experiments were done in triplicate.

greater than those of H,0, in the HNSCC cell lines
(Figure 2A). We used HNSCC cells as a confirmatory
experimental model because maximum changes in
angiogenesis-related chemokine genes expressed by
ROS treatment were demonstrated in HSC-2 cells. In
addition, we also confirmed that the effects of H,O,
and/or FeSO, were dose-dependent (0-250 uM) in
HSC-2 cells (Figure 2B).

To further clearly see the effects of ROS such as
H,0, and HO® on BRAK production, we determined
the amount of BRAK with ELISA in HSC-2 cells.
Both BRAK production levels in culture medium and
cell layer were significantly decreased by treatment of
H,0, (250 uM). FeSO, itself also reduced BRAK
levels in culture media and cell layers (Figure 3).

Furthermore, the effect of HO® on the BRAK levels was
much greater than that of H,O, culture media and
cell layers (Figure 3).These data indicated that BRAK
mRNA levels correlated with BRAK production by
treatment of H,0, and HO® in HNSCC cells.

ROS effects on IL-8 and BRAK gene expression were
attenuated by pre-trearment with N-acetyl-L-cysteine
(NAC) in human HNSCC cells

N-acetyl-L-cysteine (NAC) is a thiol, a mucolytic
agent, the precursor of L-cysteine and induces glutathi-
one. NAC is known as an intracellular source of sul-
phydryl groups and is a common antioxidant iz vivo
where it scavenges ROS such as H,0, and HO" [28].
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Figure 2. Reactive oxygen species regulate expression of angiogenesis related-chemokines in human HNSCC cells. (A) HSC-2, HSC-3
and HSC-4 cells were seeded (4 X 10° cells/well) in 35-mm diameter dishes. Nearly confluent cells were serum-starved overnight and the
cells were cultured in DMEM-0 with H,0, (250 uM) and/or FeSO, (250 uM) for 6 h. Total RNA was extracted after 6 h. After reverse
transcription, BRAK, IL-8 and GAPDH mRNA levels were visualized by staining with ethidium bromide after separation by 2% agarose
gel electrophoresis and real-time PCR analysis. The columns and bars represent mean * SD in a triplicate assay. “*Significantly different
from control *p < 0.05, p < 0.01, (Student’s z-test). (B) Dose-dependent effects of H,0, and/or FeSO, on BRAK and IL.-8 mRNA
levels. HSC-2 cells were seeded (4 X 10° cells/well) in 35-mm diameter dishes. Nearly confluent cells were serum-starved overnight, and
the cells were cultured in DMEM-0 with various concentrations (50, 100, 175, 250 uM) of H,0, (250 uM) and/or FeSO, (250 uM) for
6 h. Total RNA was extracted after 6 h. After reverse transcription, BRAK, I1.-8 and GAPDH mRNA levels were visualized by staining
with ethidium bromide after separation by 2% agarose gel electrophoresis and real-time PCR analysis. The columns and bars represent
mean * SD in a triplicate assay. “*Significantly different from control *p < 0.01, (Student’s z-test).

To confirm whether changes in gene expression were
induced by ROS, we used RT-PCR and real time
PCR analysis to analyse the effects of ROS on BRAK

ROS induces activation of EGF receptor—-ERK pathway
in HNSCC cells

and IL-8 gene expression in HNSCC cells pre-treated
with NAC before ROS exposure. First, we measured
the amount of total glutathione (GSH and GSSH),
which is the most abundant intracellular ROS scav-
enger, following pre-treatment with NAC for 4 h. The
amount of total glutathione was significantly increased
by pre-treatment of HSC-2 cells with NAC (Figure 4A).
Furthermore, ROS-induced changes in BRAK and
IL-8 gene expression in HSC-2 cells were signifi-
cantly attenuated by pre-treatment with NAC before
H,0, and HO" exposure (Figure 4B).

To further elucidate the regulation of BRAK expres-
sion by ROS, we used Western blotting to examine
the effects of ROS treatment of H,0, and HO" treat-
ment on MAPK pathways (i.e. EGFR/MEK/ERK
pathway) in HNSCC cells. EGF caused marked and
rapid EGFR phosphorylation which reached maximal
levels within as little as 30 min (Figure 5A), while
EGFR phosphorylation induced by H,0, and HO"
peaked at 1 h in HSC-2 cells (Figure 5B). We also
confirmed phosphorylation of ERK1/2 downstream
of EGFR. EGF-induced ERK1/2 phosphorylation
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Figure 3. Reactive oxygen species decreased the production
of BRAK in human HNSCC cells. HSC-2 cells were inoculated
(4 X 10° cells/well) on a 35-mm diameter dish. Nearly confluent
cells were serum-starved overnight and the cells were cultured in
DMEM-0 with H,0, (250 uM) and/or FeSO, (250 uM) for 48 h.
These protein levels of BRAK were quantified using CXCL14 Duo
Set ELISA Development System Kkits following the manufacturer’s
instruction. The columns and bars represent means = SD in a
triplicate assay. **Significantly different from the control, *p < 0.05,
“p < 0.01, (Student’s z-test).

peaked at 30 min (Figure 5A), whereas ERK1/2 phos-
phorylation induced by H,0, and HO® peaked at
1-2 h in HSC-2 cells (Figure 5B).

Gefitinib attenuates ROS-induced gene expression of
BRAK through activation of the EGFR-ERK
phosphorylation pathway in HNSCC cells

The EGFR signalling pathway plays a crucial role in
the aggressive features of human HNSCC cells [29].

ROS reduce the expression of BRAK/CXCL14 919

Therefore, EGFR was well known to a molecular
therapeutic target for these types of cancer. Gefitinib
(ZD1839, Iressa), which is a tyrosine kinase inhibitor
of EGFR, has been clinically used for the treatment
of terminal patients with non-small cell lung cancer.

To determine whether ROS have influence on the
EGFR-MEK-ERK signalling pathway, which corre-
lates with the expression of BRAK mRNA, we used
RT-PCR to examine the expression of BRAK and
IL-8 in HNSCC cells in the presence of EGFR
tyrosine kinase inhibitors, including ZD1839 and
MEK tyrosine kinase inhibitors. The decrease in
BRAK mRNA and increase in IL.-8 mRNA caused
by H,0, and HO" treatment were inhibited in the
presence of ZD1839 or PD153035 (Figures 6A and B).
Furthermore, addition of the MEK tyrosine kinase
inhibitors PD98059 or U0126 also reduced the effect
of H,0, and HO" on gene expression in HSC-2 cells
(Figures 6C and D). The decrease in BRAK mRNA
by ROS treatment was not affected by inhibitors of
p38 or the NF-xB pathway. However, the induction
of IL-8 mRNA by H,0, and HO® in HNSCC
cells was attenuated by inhibitors of p38 and NF-xB
(data not shown). Collectively, our data indicates that
the direct effects of oxidative stress on both BRAK
and IL-8 are dependent on the EGFR-MEK-ERK
signalling pathway.

Discussion

A clinical association between tumour angiogenesis
and tumour development has been clearly demon-
strated in a wide variety of tumour types including
HNSCC [30]. It is well known that oxidative stress
can occur through over-production of ROS and reac-
tive nitrogen species through either endogenous or
exogenous stimulants [31]. Oxidative stress induces
a cellular redox imbalance which has been found to
be present in various cancer cells to a greater extent
than in normal cells; the redox imbalance may there-
fore be related to oncogenic stimulation [32]. How-
ever, little is known about how ROS such as H,0,
or HO" stimulate intracellular signalling, leading to
the development of tumour cells caused by angiostatic/
angiogenic chemokines. The results of the present
study indicate that decreasing the expression of
angiostatic chemokine CXCL14/BRAK would play
a critical role in this signalling. ROS such as H,0,
or HO" directly reduced BRAK production in HSC-2
cells (Figure 3). ROS increase the cellular production
of vascular endothelial growth factor and the angio-
genic chemokine IL-8 in HNSCC cells [3]. We also
confirmed that ROS directly up-regulated IL-8
mRNA levels (Figure 2). These results suggest that
ROS may directly influence both angiostatic (i.e.
BRAK) and angiogenic (i.e. IL-8) chemokines,
resulting in malignant angiogenesis and tumour
development. We found that the maximum changes
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Figure 4. N-acetyl-L-cysteine (NAC) attenuates the effects of reactive oxygen species on expression of angiogenesis related-chemokines.
(A) HSC-2 cells were seeded (4 X 10° cells/well) in 35-mm diameter dishes. Nearly confluent cells were serum-starved overnight. Total
glutathione (GSH and GSSH) levels in HSC-2 cells were quantified using the Total Glutathione Quantification Kit. After treatment with
or without NAC for 4 h, the cells were homogenized in 10 mM HCI and transferred to 96-well plates. Intracellular total glutathione
levels were detected spectrophotometrically at 405 nm. (B) HSC-2 cells were pre-treated with NAC for 4 h and incubated with or without
H,0, (250 uM) and/or FeSO, (250 uM) for 6 h. Total RNA was extracted after 6 h. Following reverse transcription, BRAK, IL-8 and
GAPDH mRNA levels were visualized by staining with ethidium bromide after separation by 2% agarose gel electrophoresis and real-
time PCR analysis. The columns and bars represent mean *= SD in a triplicate assay. **Significantly different from the respective control,

*» < 0.05, *p < 0.01.

in expression of angiogenesis-related chemokine
genes, such as BRAK and IL-8, in response to ROS
treatment were greater in HSC-2 cells than in HSC-3
and HSC-4 cells (Figure 2A). These phenomena
were inhibited by the antioxidant NAC (Figure 4B),
indicating the involvement of ROS in tumour angio-
genesis in HNSCC cells.

The human chemokine BRAK was first isolated
from breast and kidney cells by PCR cloning [6]. The
precise function of BRAK is unknown because its
receptor has not yet been identified [6,7]. The differ-
entially-expressed BRAK gene was identical to the
BRAK, which is ubiquitously expressed in normal
tissue extracts but is absent from many tumour cell
lines n vitro [6—8]. Expression of BRAK is decreased
significantly in HNSCC cells treated with EGF [8].
To investigate the effect of ROS on BRAK expression,
we examined the effects of H,0, and HO® on
the EGFR/MEK/ERK pathway in HSC-2 cells. We
confirmed that inhibition of EGFR tyrosine kinase
by ZD1839 or PD153035 suppressed the induction
of BRAK mRNA by ROS (Figure 6A). Further,

PD98059 and U0126, which are MEK tyrosine kinase
inhibitors, prevented the ROS-mediated induction of
BRAK mRNA in HSC-2 cells (Figure 6C). These
results indicate that ROS down-regulate BRAK
mRNA via EGFR/MEK/ERK activation in HSC-2
cells (Figure 6).

EGFR was found to be a strong prognostic indica-
tor in head and neck, ovarian, cervical, bladder, and
oesophageal cancers. The 2,3,5-tris-(glutathione-S-
yl) hydroquinone-mediated oxidative stress-induced
phosphorylation of MAPKSs, especially ERKI1/2,
required EGFR activation in renal proximal tubule
epithelial cells [33]. Interestingly, the induction of
EGFR phosphorylation by ROS peaked at 1 h in
HSC-2 cells (Figure 5B). Furthermore, H,0O, and
HO’ also induced ERK1/2 phosphorylation which
peaked at 1-2 h in HSC-2 cells (Figure 5B). We con-
firmed that inhibition of EGFR tyrosine kinase by
ZD1839 or PD153035 suppressed ROS-induced
EGFR phosphorylation (Figure 6B). In addition,
PD98059 or U0126 prevented ROS-mediated altera-
tions in ERK1/2 phosphorylation in HSC-2 cells
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Figure 5. Time-dependent effects of EGF and reactive oxygen species on phosphorylation of EGFR and ERK1/2. HSC-2 cells were
seeded (4 X 10° cells) in 35-mm diameter dishes. Nearly confluent cells were serum-starved overnight and the cells were treated with
(A) EGF (10 ng/ml), (B) with or without H,0, (250 uM) and/or FeSO, (250 uM) for 0.25, 0.5, 1, 2 or 4 h. Whole cell lysates were
extracted and electrophoretically resolved on a polyacrylamide gradient (4-20%) gel and the activation of EGFR and ERK was analysed

by Western blotting.

(Figure 6D). These observations suggest that ROS
directly induce EGFR phosphorylation and ERK1/2
phosphorylation in HSC-2 cells (Figure 6).
Oxidative stress induced by ROS may also have
important effects on p53, cell proliferation, invasive-
ness and metastasis [1]. Excessive amounts of ROS
may arise either from excessive stimulation of
NADPH oxidase or from less well-regulated sources
such as the mitochondrial electron-transport chain
[34]. The increased ROS in cancer cells may in turn
affect certain redox sensitive molecules and further
lead to significant consequences such as stimulation
of cellular proliferation, cell differentiation, altera-
tion in sensitivity to angiogenesis during promotion
of mutation and genetic instability and carcinogen-
esis [1,31,34]. Indeed, knockout mice that geneti-
callylack various antioxidant enzymes show enhanced
oxidative damage and age-related cancer develop-
ment. Direct oxidative damage to DNA by certain
ROS, such as H,0, and HO’, has been implicated
in oncogenesis [1]. However, most studies on the
effects of oxidative stress have examined the effects
of H,0,, rather than HO’, on cellular proliferation,
differentiation and angiogenesis in carcinoma cell
lines. The present study showed that BRAK and
IL-8 gene expression was altered dose-dependently
(0-250 uM) by H,O, and/or FeSO, in HSC-2 cells
(Figure 2B). The effects of HO® treatment on the

expression of the two angiogenesis related-chemokine
genes were much greater than those of H,O, in the
three HNSCC cell lines, especially in HSC-2 cells
(Figure 2). These results are consistent with the pos-
sibility that HO" causes greater expression of angio-
genesis related-chemokine and leads to oxidative
damage to DNA and other malignant signalling in
cancer cells.

Under normal physiological conditions, O, rap-
idly dismutates via enzymatic catalysis by SOD (equa-
tion 1). HO® can be formed by the Haber-Weiss
reaction from O, and H,0O, (equation 2); however,
this reaction is considered to be too slow to compete
with the dismutation reaction (equations 1 [35]).

0, +0,” + 2H" - H,0, + O, 1)
0,” + H,0, —» O, + HO" + OH" 2)
HO’ can be generated more efficiently via the Haber-
Weiss reaction if iron ions are present, a reaction

known as the biological Fenton reaction (equations 3
and 4).

0,~ + Fe’* - 0, + Fe?* (3)
Fe?* + H,0, » Fe** + HO' + OH-  (4)

Inflammatory cells such as TAMs and neutro-
phils caused excessive ROS production resulting in
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Figure 6. Reactive oxygen species regulate expression of angiogenesis related-chemokines through phosphorylation of EGFR and ERK1/2.
HSC-2 cells were seeded (4 X 10° cells) in 35-mm diameter dishes. Nearly confluent cells were serum-starved overnight and the cells
were cultured with or without H,0, (250 uM) and/or FeSO, (250 uM) for 30 min (B, D) or 6 h (A, C) with or without pre-treatment
with EGFR inhibitors [PD153035 (10 uM) or ZD1839 (1 uM)] (A, B) or MEK inhibitors [PD98059 (50 uM) or U0126 (10 uM)] (C,
D) for 1 h. (A, C) Total RNA was extracted after 6 h. Following reverse transcription, BRAK, IL-8 and GAPDH mRNA levels were
visualized by staining with ethidium bromide after separation by 2% agarose gel electrophoresis. (B, D) Whole cell lysates were extracted
at 30 min electrophoretically resolved on a polyacrylamide gradient (4-20%) gel and analysed for activation of EGFR and ERK with

Western blotting.

damage to DNA and other biomolecules, which can
promote malignancy of the tumour cell, including
HNSCC cells [1,10-14]. It has been suggested that
H,O, can activate tumour cell signalling, especially
via NF-xB [15], studies exploring the role of ROS
in tumour cell signalling to date have used H,O,.
Furthermore, HO® can be generated by TAMs via
the Fenton/Haber-Weiss reaction in the presence of
Fe?* and Cu?" in tumour tissue [1-4,16]. HO" is one
of the strong oxidizing agents among ROS and ROS
levels are known to correlate with tumour develop-
ment [1,14,17,18]. The unregulated or prolonged
production of cellular oxidants has been linked to
mutation (induced by oxidant-induced DNA dam-
age), as well as modification of gene expression.
Collectively, our data indicate that oxidative stress
induced by H,O, and HO® not only leads to
angiogenesis via the expression of angiogenic chemok-
ines such as IL-8, but also impaired anti-angiogene-
sis mechanisms through reduced expression of the
angiostatic chemokine BRAK in HNSCC cells (Fig-
ure 6). In addition, the effects of HO" on the expres-
sion of angiogenesis-related chemokines were greater
than those of H,O,.

We plan to focus on the emerging role of the so-
called ‘labile’ (redox active) form of iron in ROS-
mediated signalling in relation to cancer development
[36]. It is possible that ferrous or ferric iron in the
Fenton system may have been responsible for the

effects on gene expression observed in the present
study. Indeed, we confirmed that FeSO, itself
down-regulated BRAK gene expression (Figure 3).
Regarding total BRAK protein in culture media
and cell layers, we observed that the levels were
reduced to a greater extent by HO® generated from
the Fenton reaction than by FeSO, or H,O, alone
(Figure 3), indicating that HO® had a greater
effect than H,O, on expression of BRAK and IL-8
genes in HNSCC cells (Figure 3). Overall, these
data show that HO" is a potent modulator of angio-
genesis-related chemokines in HNSCC cells. In
addition, we also confirmed that O, affects the
expression of BRAK in HNSCC cells. BRAK mRNA
levels were significantly decreased by O, treatment
(unpublished data). Further studies are needed to
determine the mechanisms by which O," reduces
BRAK mRNA levels.

In conclusion, our findings indicated that oxida-
tive stress induced by ROS such as H,0, and HO"
directly stimulates not only a decrease in the expres-
sion of BRAK but also an increase of IL.-8 expression
in HNSCC cells. These results suggest that oxidative
stress induces angiogenesis and tumour progression
by regulating the expression of both angiostatic
(BRAK) and angiogenic (IL-8) chemokine genes
in HNSCC cells. These observations indicate that
sustained or constitutive ROS production is preva-
lent in cancer cell lines and that this contributes to
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malignant progression and therapeutic resistance in
the most major human cancer cell types, especially
HNSCC cells.
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