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Molecular crosstalk between cancer cells and fibroblasts has been an emerging hot issue in understanding carcinogenesis. As

oral submucous fibrosis (OSF) is an inflammatory fibrotic disease that can potentially transform into squamous cell carcinoma,

OSF has been considered to be an appropriate model for studying the role of fibroblasts during early stage carcinogenesis. In

this sense, this study aims at investigating whether areca nut (AN)-exposed fibroblasts cause DNA damage of epithelial cells.

For this study, immortalized hNOF (hTERT-hNOF) was used. We found that the levels of GRO-a, IL-6 and IL-8 increased in AN-

exposed fibroblasts. Cytokine secretion was reduced by antioxidants in AN-exposed fibroblasts. Increase in DNA double strand

breaks (DSB) and 8-oxoG FITC-conjugate was observed in immortalized human oral keratinocytes (IHOK) after the treatment of

cytokines or a conditioned medium derived from AN-exposed fibroblasts. Cytokine expression and DNA damage were also

detected in OSF tissues. The DNA damage was reduced by neutralizing cytokines or antioxidant treatment. Generation of reac-

tive oxygen species (ROS) and DNA damage response, triggered by cytokines, were abolished when NADPH oxidase (NOX) 1

and 4 were silenced in IHOK, indicating that cytokine-triggered DNA damage was caused by ROS generation through NOX1

and NOX4. Taken together, this study provided strong evidence that blocking ROS generation might be a rewarding approach

for cancer prevention and intervention in OSF.

Tissue microenvironments have been focused on playing cru-
cial roles in carcinogenesis. In particular, cancer associated
fibroblasts (CAF) have emerged as a prominent modifier of
cancer initiation and progression.1,2 CAF produces inflamma-
tory cytokines and chemokines, and these secretory products
facilitate communication between CAFs and cancer cells,

resulting in cancer progression.1–3 Hence, inflammatory reac-
tion has emerged as one of the main causes of cancer devel-
opment.4,5 Even though the causal relationship between
cancer and surrounding inflammation has not been well elu-
cidated, inflammation has been accepted as an indispensable
causal factor for development of various tumors.6,7 A large
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number of genes related to inflammations are associated with
cancer development,8 accumulating evidence suggests that
various inflammatory cytokines such as TNF-a, IL-6, IL-8
and GRO-a may play a critical role in carcinogenesis.9–11

Oral submucous fibrosis (OSF) is an inflammatory fibrotic
disease that mainly occurs in Southeast Asian people.12 OSF
has received great attention because it can potentially trans-
form into oral squamous cell carcinoma (OSCC); OSCC
occurs in 7–13% of OSF.13 The main cause of OSF is the
consumption of Areca Nut (AN).13 AN was categorized as a
Grade 1 carcinogen according to the International Agency
for Research on Cancer (IARC).14 Considering that OSF in
its initial stage is characterized by chronic inflammation and
epithelial atrophy accompanied by fibrosis, we assumed that
OSF deserved special consideration as a unique model for
studying the role of fibroblasts at the early stage of carcino-
genesis. Moreover, the localization of cytokines such as IL-6,
TGF-b and bFGF in OSF supported our assumptions.15

Thus, this study aimed to search for evidence that fibro-
blasts are actively involved in early-stage carcinogenesis by
secreting cytokines and subsequently modulating DNA dam-
age in epithelial cells. To achieve this goal, we first investi-
gated whether cytokines are released from gingival fibroblasts
upon AN exposure and then evaluated whether these cyto-
kines induce DNA damage in oral keratinocytes using in
vitro analyses and human OSF samples. In this study, we
found that gingival fibroblasts exposed to AN produced sev-
eral cytokines, eventuating in DNA damage through genera-
tion of reactive oxygen species (ROS) in immortalized oral
keratinocytes. This study provided an insight into under-
standing the role of fibroblasts in early-stage carcinogenesis
and will likely contribute to development of novel therapeutic
modalities to prevent malignant transformation of oral
potentially malignant lesions.

Material and Methods
Human tissue samples

OSF tissues were obtained from the SriLankan patients who
had AN-chewing habit. Normal oral mucosa (NOM) tissues
for immunohistochemical staining were also obtained from
SriLankan outpatients who had no AN-chewing habit. Infor-
mation about tobacco or cigarette smoking was not investi-
gated. The tissues were ethically approved by the IRB of the
Faculty of Dental Sciences, University of Peradeniya, Sri
Lanka (FDS-RERC/2009/03).

Cell culture

For conducting this study, we used immortalized human gin-
gival fibroblasts obtained by hTERT transfection (hTERT-
hNOF), which were previously described.16 For evaluating
whether hTERT-hNOF were appropriate for this study, we
obtained human gingival fibroblasts (hNOF) by explant cul-
ture taken from a healthy individual. Normal human epider-
mal keratinocytes (HEK) were also obtained for this study.
Generation of hNOF and HEK was ethically approved by the
Institutional Review Board (IRB) of the Yonsei Dental Hospi-
tal, Yonsei University Health System, Seoul, Republic of
Korea (IRB-2-2009-0002). Both hNOF and HEK were used
below the 10th passage. For evaluating epithelial cell damage,
immortalized human oral keratinocytes (IHOK) obtained by
human papilloma virus (HPV) 16 E6/E7 transfection were
used, which has been previously described.17 YD10B OSCC
cell line18 was also used to compare cytotoxicity with IHOK.
The culture media used for each cell line were shown in
Table 1, Supporting Information. All cell lines were main-
tained in a humidified incubator at 378C, in an atmosphere
containing 5% CO2 and culture medium was changed every
3 days for serial subculture.

Preparation of AN-extract

One kg of dried, ripened AN (without the husks) were pow-
dered using a mortar and pestle before being boiled for 1 hrs
in 2 L of distilled water. After filtration, the extract was
lyophilized and stored at 2208C until use.19 The lyophilized
AN-extract was weighed and dissolved in sterilized ice cold
distilled water with vortexing at 48C overnight and then cen-
trifuged at 5000 rpm for 15 min. The supernatant was then
filtered using sterilized filter paper (WhatmanVR ) with 0.45
mm pore size syringe filters (Sartorius Stedim Biotech) and
stored at 2808C until use.

The AN-extract contents were analyzed by Liquid Chro-
matography and Gas Chromatography Mass Spectrometer
(LC-MS/GC-MS) in the Yonsei Center for Research Facilities.
LC was performed using a 1260 Infinity LC (Agilent Tech-
nologies). The detail was described in Table 2, Supporting
Information. The GC-MS analysis was carried out in Agilent
7890A-GC/5975-MS/Combi-Pal-Headspace. A 1 ll portion of
the derivative extract was injected in splitless mode onto the
HP-5 ms column; the injection temperature at 2908C, at a
flow rate of 1 ml/min.

What’s new?

Fibroblasts in the tumor microenvironment influence tumor initiation and growth and are of particular interest in oral submu-

cous fibrosis (OSF), a progressive fibrotic disease of malignant potential. This study shows that the release of tumor-

promoting cytokines by fibroblasts exposed to areca nut, the primary cause of OSF, induce DNA damage in oral keratinocytes.

The findings suggest that fibroblasts indirectly promote epithelial transformation in OSF by secreting cytokines, whereby DNA

damage of epithelial cells is inflicted by reactive oxygen species generated via NADPH oxidases. These insights could inform

the development of new therapeutic approaches for OSF.
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Cytotoxicity assessment

To identify suitable AN-extract concentrations, the cytotoxic
effect of fibroblasts was assessed by MTT assay. In brief, 2
3104 cells were seeded in to 96 well plates and concentration
gradients of AN-extract (10 2160 mg/ml) were applied. Mito-
chondrial dehydrogenase activity was assessed by MTT assay
at 24 hr intervals for 96 hr. We also observed cytotoxicity of
IHOK by the treatment of recombinant human GRO-a, IL-6
and IL-8 (R&D Systems). IHOK cells (5 3 103) were exposed
to a 10 ng/ml concentration of cytokines. The control was
treated with media alone. The optical density was measured
at a wavelength of 570 nm using a microplate reader (Bio-
Rad).

Assessment of cytokines released from fibroblasts

On the basis of the cytotoxicity assay results, 30 mg/ml of
AN-extract was selected as suitable dose for the stimulation
of fibroblasts. First, the Human Cytokine Antibody Array 3
kit (Ray Biotech) was used to screen cytokine secretion in the
conditioned media (CM) of AN-exposed fibroblasts, following
the manufacturer’s instructions (Fig. S1a, Supporting Infor-
mation). Controls were maintained in the absence of AN-
extract treatment (culture media alone). The relative expres-
sion level of the cytokines was determined by comparing sig-
nal intensities. The “Quantity one program” (Bio-Rad) was
used for densitometric analysis of the results. Sandwich
Enzyme-Linked Immunosorbent Assay (ELISA) was
employed to measure cytokine levels in the CM according to
AN treatment. Both cells were stimulated by AN-extract for
24 hr. The supernatant was collected, centrifuged and filtered
before storing at 2808C. To evaluate antioxidant effect, the
levels of cytokines were also measured after a treatment of
Epigallocatechin-3-gallate (EGCG; 12.5 lM; DSM Nutritional
Products), L-Glutathione-reduced (Glu; 5 mM; Sigma-
aldrich), N-acetyl-cysteine (NAC; 10 mM; Enzo Life Scien-
ces). All reagents for ELISA are described in Table 3, Sup-
porting Information. Cytokine secretions were normalized
according to the number of cells at the time of harvesting
CM.

For morphological detection of cytokine secretions in tis-
sue samples, 10 OSF and 5 NOM tissues were used for
immunohistochemical staining. Mouse immunoglobulin frac-
tion served as negative controls.

Measurement of oxidative stress

Reactive oxygen species (ROS) were measured with the fluo-
rescent probe 2070-dichlorofluorescin diacetate (H2DCFDA)
dye (Molecular Probes) according to the instructions. The
cells were exposed to the 10 mM H2DCFDA in PBS in the
dark at 378C for 20 min. For detection of ROS by AN expo-
sure (30 mg/ml) in hTERT-hNOF cells, 4 3 105 cells were
seeded into 6-well plates and incubated for 24 and 48 hr. To
investigate the pathway of ROS generation in hTERT-hNOF
cells, several pharmacologic inhibitors were pre-incubated for

1 hr before AN treatment; the inhibitors were used as fol-
lows: PD98059 (Sigma-aldrich), Erk inhibitor; SP600125
(Sigma-aldrich), JNK inhibitor; SB203580 (Enzo Life Scien-
ces), p38 inhibitor; BAY-11-7082 (Sigma-aldrich), NF-jB
inhibitor. All of the inhibitors were used at 10 lM.

For detection of ROS by AN exposure (30 mg/ml) in
IHOK cells, 2.5 3 105 cells were seeded into 6-well plates
and incubated for 24 and 48 hr. For detection of ROS in
IHOK by cytokine treatment, 2.5 3 105 cells were seeded
into 6-well plates and cytokines (10 ng/ml) were added indi-
vidually (or in combination) into the wells and incubated for
the desired time periods in dark. Serum-free media alone
served as a negative control and 10 mM H2O2 served as a
positive control. For the analysis of a flow cytometry (Becton
Dickinson, Beckman coulter), the cells (1 3 104) were then
analyzed by at an excitation and emission wavelength of 485
and 535 nm, respectively. Cell-Quest software (BD Bioscien-
ces) was utilized for data analysis. For confocal microscopic
examination of ROS, IHOK cells (1 3 104) grown in cham-
ber slide were stained with H2DCFDA, as previously
described.20 The nuclei were stained with DAPI. ROS-
producing cells were counted and calculated into percentages.

Detection of oxidative DNA damage

To detect oxidative DNA damage caused by cytokines or
CM, the OxyDNA assay kit (Caibiochem) consisted of FITC-
conjugated probe specific for 8-oxoguanine (8-oxoG) (1:10
dilution) was utilized and assessed by both flow cytometry
and confocal microscopy, according to the manufacturer’s
protocol.21 IHOK cells (1 3 106) treated with cytokines or
CM from AN-exposed hTERT-hNOF cells or VAS2870 (10
lg/ml) (Sigma-aldrich) were stained with the 8-oxoG FITC-
conjugate and fluorescence intensity was read using a flow
cytometry at an excitation wavelength of 495 nm (Becton
Dickinson). Serum-free media, alone, served as a negative
control while 10 mM H2O2 served as a positive control. For
morphological examination, IHOK cells (1 3 104) grown per
chamber were treated with cytokines or CM for the indicated
time, and were stained using a 8-oxoG FITC-conjugate and
stored at 48C overnight. Slides were also stained with a 10
mg/ml DAPI and photomicrographed using confocal micros-
copy. For neutralizing cytokines in CM from AN-exposed
hTERT-hNOFs, mouse monoclonal anti-human GRO-a (1
mg/ml), IL-6 (8 mg/ml) and IL-8 (1 mg/ml) antibodies (R&D
Systems) were applied.

We observed oxidative DNA damage in human OSF and
NOM samples. Staining with an 8-oxoG FITC-conjugate was
carried out as previously reported.21 In brief, the tissue sec-
tions were autoclaved for 20 min in 50 mM Tris-EDTA
buffer (pH 9), after being deparaffinized and rehydrated.
Next, the sections were blocked and incubated overnight with
8-oxoG FITC-conjugate at 48C. Thereafter, the slides were
stained with a 10 mg/ml DAPI and photomicrographed using
confocal microscopy.
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Detection of DNA double strand breaks (DSB) by histone

H2A.X

To detect DNA damage caused by cytokines, the phospho-
Histone H2A.X rabbit monoclonal antibody (Cell Signaling
Technology) was utilized22 and described in Table 3, Sup-
porting Information. IHOK cells (1 3 104) were seeded in
chamber slides and were treated with cytokines for 72 hr.
The positive cells were counted in five randomly selected
fields and calculated into percentages. To find out whether
oxidative stress induced by cytokines causes DNA damage in
IHOK, we compared DNA damaged cells after treatment
with 5 mM of Glu.

To detect phospho-Histone H2A.X in human OSF tissues,
human OSF and NOM samples were immunohistochemically
stained. Human colon cancer tissues were used as a positive
control. Immunoperoxidase stained cells were visualized and
photomicrographed. Rabbit IgG (DakoCytomation) was used
instead of the primary antibody as a negative control.

Protein extract and western blot

hTERT-hNOFs (1 3 106) were harvested in Cell Lysis Buffer
(Cell Signaling Technology), containing PMSF (Sigma-
aldrich). The lysates were incubated for 30 min on ice with
vortexing every 5 min and, samples were centrifuged at
15,000 rpm for 10 min at 48C to remove insoluble debris.
After centrifuging, the supernatant is transferred to new
micro-centrifuge tube and then mixed with 53 SDS sample
buffer for 5 min at 1008C. Proteins (40 lg) were loaded and
separated on a SDS–PAGE and transferred on polyvinylidene
difluoride membranes. The information of antibodies is listed
in Table 3, Supporting Information.

Reverse transcriptase (RT)-PCR for detection of NAPDH

oxidase 1 and 4 (NOX1/NOX4)

Total RNA was extracted from each cell lysate by using an
RNeasy kit (Qiagen) and then cDNA was synthesized from 1
lg of the RNA by using a RT&GO-MasterMix (MP Biomedi-
cals) according to the manufacturer’s protocols. The following
primers were used for RT-PCR: NADPH oxidase 1 (NOX1),
50-TTCCTGGTTCAACAACCTGT-30 (forward) and 50-GGG
TGGGAGGTAGCTATTGT-30 (reverse); NADPH oxidase 4
(NOX4), 50-TCTGGAAAACCTTCTTGCTG-30 (forward) and
50-GGCTGCAGTTGAGGTTAAGA-30 (reverse); GAPDH, 50-
GAAGGTGAAGGTCGGAGT-30 (forward) and 50-GAAGAT
GGTGATGGGATTTC-30 (reverse). The reaction mixture was
subjected to 35 PCR amplification cycles of 40 sec at 948C, 60
sec at 488C and 40 sec at 728C. The PCR products were identi-
fied using ethidium bromide in 1.5% agarose gel.

NOX4 small interfering RNA transfection and NOX

inhibition

NOX4 small interfering RNA(siRNA) had the following
sense and antisense sequences: Sense 50-CUGUUG
UGGACCCAAUUCA-30 and Antisense 50-UGAAUUGGGU

CCACAACAG-30. A negative control siRNA was purchased
from Bioneer. Transfection of siRNA was performed using
the Lipofectamine RNAiMAX (Invitrogen) according to the
manufacturers’ instructions. In brief, IHOK cells (4 3 105)
were seeded per well in a six-well plate and cultured for 24
hr. NOX4 siRNA was diluted with 250 ll Opti-MEM (Invi-
trogen). These two dilution mixtures were combined, mixed
gently, and incubated for 20 min at room temperature to
facilitate complex formation. The 500 ll siRNA-
Lipofectamine mixture was then added to cells. The trans-
fected cells were cultured for 24 hr and then assayed. To
inhibit the NOX proteins in IHOK, the cells (4 3 105) were
seed per well in a six-well plate and cultured for 24 hr. The
cells were preincubated with VAS2870 10 lg/ml (Sigma-
aldrich) as a NOX inhibitor for 1 hr. Cytokines were then
added to cells for indicated time.

Statistical analysis

All results shown are representative of multiple repeats. The
Mann–Whitney U test was used for analyzing AN or cyto-
kine treatment effects between groups. Two-way analysis of
variance (ANOVA) using Tukey’s multiple test was used to
assess the significance of proliferation rate between groups.
All statistical analysis was processed in SPSS software version
20.0. p-values of <0.05 was considered significant in all sta-
tistical methods.

Results
The selection of the optimal concentration of AN-extract

Both hNOF and hTERT-hNOF were exposed to a concen-
tration gradient of AN-extract and assessed for cell viabil-
ity. Cytotoxic effects were not observed in both cell lines
after 24 hr. Growth was retarded in both types of fibro-
blasts when they were exposed to more than 40 mg/ml con-
centration after 72 hr. We selected 30 mg/ml for this study,
since this concentration showed no noticeable changes in
cell viability, even after 96 hr (Fig. S2, Supporting
Information).

Arecoline (1.97 ppm) was detected in 30 mg/ml of AN-
extract by LC-MS (Table 2, Supporting Information). Cyto-
toxic effect by Arecoline treatment showed no growth change
in both fibroblasts in less than 0.05 mM (11.8 ppm) (Fig. S3,
Supporting Information). Taken together, the present study
applied a 30 mg/ml concentration of AN-extract. Arecaidine
and phenolics were not detected by GC-MS (data not
shown).

Secretion level of GRO-a, IL-6 and IL-8 increased in AN-

exposed fibroblasts and OSF tissue samples

To determine whether the AN-extract induces cytokine secre-
tion from gingival fibroblasts, the cytokine antibody array
analysis was employed. Figure 1a shows sequential cytokine
expression pattern in both hNOF and hTERT-hNOF. The
present study selected GRO-a, IL-6 and IL-8, for these cyto-
kines showed a greater increase in both cell lines than in
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nontreated control (Fig. 1a, Fig. S1b, Supporting Information)
and were also known to have a role in crosstalk with cancer
cells.23 Next, we carried out ELISA in AN-exposed fibro-
blasts. As treated with AN-extract for 24 hr, the levels of

GRO-a, IL-6 and IL-8 were 1.15-/1.34-, 1.2-/1.26- and 1.97-/
1.73- fold higher in hNOF/hTERT-hNOF, respectively, as
compared with nontreated controls (Fig. 1b,c). We used
hTERT-hNOF for all in vitro study thereafter, since both

Figure 1. Cytokine secretion increased by AN-extract treatment. (a) RayBioVR Human Cytokine Antibody Array 3 kit (Ray Biotech) was used to

screen cytokine secretion in the AN-exposed CM. The relative expression level of the cytokines was determined by densitometric analysis

using the ‘Quantity one program’. Quantification of the 18 cytokines and growth factors was available in both hNOF (a21) and hTERT-hNOF

(a22) by AN-extract for 24 hr. (b,c) GRO-a, IL-6 and IL-8 were measured by ELISA. As 30 lg/ml AN-extract were treated for 24 hr in both

hNOF (b) and hTERT-hNOF (c), each cytokine was increased than in nontreated CM. Results shown are representative of multiple repeats

(means 6 SD of triplicates) (*p�0.05 by Mann–Whitney U-test).
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hNOF and hTERT-hNOF exhibited the same cytotoxicity
concentration (Fig. S2, Supporting Information) and the
same pattern of cytokine secretion after the treatment of AN-
extract (Figs. 1b and 1c).

We observed cytokine expression morphologically in OSF
tissue samples. GRO-a, IL-6 and IL-8 were more highly
expressed in the fibroblasts of OSF tissue samples, as com-
pared with those of NOM (Fig. 2a).

Figure 2. Cytokine expression in OSF tissues and AN-exposed fibroblasts. (a) Immunohistochemical staining for GRO-a, IL-6 and IL-8 in OSF

and NOM. OSF (b, c, e, f, h, i) showed increased expressions of GRO-a (a, b, c), IL-6 (d, e, f) and IL-8 (g, h, i) as compared to NOM (a, d,

g). Representative photomicrographs, the figures of c, f, i: 3200 magnification of b, e, h (3100), respectively. (b) Antioxidants reduced

cytokine secretion in AN-exposed fibroblasts. GRO-a, IL-6 and IL-8 were measured by ELISA. As 30 lg/ml AN-extract were treated for 24 hr

in hTERT-hNOF, each cytokine was increased than in nontreated cell. The AN-induced increase of IL-6 and IL-8 secretion was 3.7- to 19.5-

fold/1.2- to 4.3-fold decreased by antioxidants (EGCG, Glu and NAC), while GRO-a showed no noticeable change. Results shown are repre-

sentative of multiple repeats (means 6 SD of triplicates) (*p<0.05 by Mann–Whitney U-test). (c) NF-jB and MAPKinase pathway were

involved in cytokine secretion of AN-exposed fibroblasts. hTERT-hNOFs (1 3 106) were seeded in 100 mm dishes and then stabilized for 24

hr. hTERT-hNOFs were harvested after exposure of 30 lg/ml AN-extract for 24 hr, respectively. b-actin was used as a loading control. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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AN-exposed fibroblasts induce cytokine secretion via ROS

generation

To determine whether AN-extract induces ROS in cells, we
first measured the level of ROS in hTERT-hNOF. The level
of ROS was significantly higher in AN-exposed cells than in
the controls (Fig. S4, Supporting Information).

To evaluate whether the cytokines released from AN-
exposed fibroblasts were induced by ROS, AN-exposed
hTERT-hNOF was treated with antioxidants. As results, IL-6
and IL-8 induced by AN-extract were significantly abolished
by antioxidants (EGCG, Glu and NAC), while no noticeable
change was observed in the level of GRO-a (Fig. 2b). These
results showed that ROS induces IL-6 and IL-8 secretion in
AN-exposed fibroblast. As a candidate of molecular pathway
to release cytokines from AN-exposed hTERT/hNOF, NF-jB
and MAPKinase pathway were examined. The p38 and p65
were phosphorylated by AN-extract in hTERT-hNOF, while

the Erk and JNK were inactivated (Fig. 2c), suggesting that
AN-extract might induce ROS generation through p38 and
NF-jB pathways. To further verify whether AN-induced ROS
was modulated through p38 and NF-jB pathway, we used a
variety of the specific pharmacologic inhibitors for blocking
their downstream pathways. Inhibiors of NF-jB significantly
reduced AN-induced ROS generation. In addition, both the
NF-jB and p38 inhibitors blocked AN-induced ROS genera-
tion more effectively than treatment NF-jB inhibitor only
(Fig. S5, Supporting Information). Thus, we demonstreated
that AN-exposed hTERT/hNOF induced cytokine secretion
via ROS generated through NF-jB pathway.

Cytokines induced by AN-exposure promote oxidative DNA

damage in IHOK

To identify whether the cytokines from AN-exposed fibro-
blasts elicit DNA damage in epithelial cells, we examined

Figure 3. Oxidative DNA damage in IHOK was detected by OxyDNA assay. (a21) The positive cells for 8-oxoG FITC-conjugate were 2-fold higher

in IHOK by treating CM of AN-exposed hTERT-hNOF, compared to nontreated CM or negative control. The positive cells were reduced by the

treatment of neutralizing antibodies (*p<0.05 by Mann–Whitney U-test). (a22) Confocal microscopy showed that the 8-oxoG- labeled cells

were reduced in IHOK by treating neutralizing antibodies (Neu Ab). Scale bar 50 mm. (b21) DNA DSB was detected by staining phospho-

Histone H2A.X in cytokine-treated IHOK. IHOK were treated with cytokines individually (GRO-a, IL-6 and IL-8) and in combination for 72 hr and

tested for DNA DSB. Representative photomicrographs are shown. Scale bar 50 mm. Cont: control. (b22) Statistical photomicrographs are

shown. Cytokine treatment caused 4- to 5-fold increase of DNA DSB in IHOK. The results shown are representative of multiple repeats

(***p<0.001 by Mann–Whitney U-test). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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oxidative DNA damage in IHOK after treatment of cytokine
or CM from AN-exposed hTERT-hNOF. A 10 ng/ml concen-
tration of each cytokine was applied because this concentra-
tion showed no impact on cell viability in HEK and IHOK
(Fig. S6, Supporting Information). Flow cytometric analysis
showed that the number of 8-oxoG FITC-conjugate labeled
cells were more than 2-fold increased when treated with AN-
exposed CM than in the unexposed-CM or the negative con-
trol. The positive cells were reduced to the control level by
the treatment of neutralizing antibodies against each cytokine
(Fig. 3a-1, Supporting Information). These results were also
morphologically confirmed (Fig. 3a-2). Supporting Informa-
tion Fig. S7a21 showed the increase of 8-oxoG-labelled cells
morphologically in IHOK treated by respective and combined
treatment of cytokines. The damaged cells could not be aug-
mented by the combined treatment, compared with the
respective treatment. Supporting Information Fig. S7a22
demonstrated that 8-oxoG- labeled cells were significantly
increased by the combined treatment of cytokines compared
with the controls. Additionally, we examined DNA DSB by
staining phospho-Histone H2A.X in the IHOK and counted
the positive cells by confocal microscopy. The positive cells
were more than 4- to 5-fold higher in cytokines-treated
IHOK than in the controls (Fig. 3b-1.2). Morphologically, no
positive cell was found in HEK by cytokine treatment at this
concentration (Supporting Information Fig. S8).

Oxidative DNA damage was observed in OSF tissue

To confirm in vitro results, we measured DNA DSB and 8-
oxoG in OSF tissues. OSF and NOM tissues were stained
using anti-phospho-Histone H2A.X. Human colon cancer tis-
sue served as a positive control. Immunohistochemical stain-
ing showed positively stained cells in OSF mucosa, especially
in the basal cell layer of all OSF cases tested. NOM showed
negative response for phospho-Histone H2A.X staining (Fig.
4a). We carried out the OxyDNA assay by staining the 8-
oxoG FITC-conjugate in OSF tissues. In all OSF tissues
tested, fluorescent signaling was evident as a band in the
basal and parabasal layers, while no signal was found in the
NOM tissues (Fig. 4b).

Cytokine-triggered oxidative DNA damage was caused by

ROS generation via NOX4

To evaluate whether the DNA damage of IHOK induced by
cytokine treatment is also due to ROS generation, ROS gen-
eration of IHOK by cytokine treatment was quantified using
a fluorescent probe. After exposure to each cytokine, a 7-
and 8-fold higher number of cells produced ROS by respec-
tive and combined treatments of cytokines, respectively, as
compared to the negative control (Fig. 5a-1,2). To confirm
whether the cytokine-induced DNA damage in IHOK is due
to oxidative stress, we treated cytokine-exposed IHOK with
an antioxidant and stained the cells with phospho-Histone
H2A.X. As results, the positive cells were reduced in
antioxidant-treated IHOK, supporting that DNA DSB were

induced by ROS following the cytokine (Fig. S9, Supporting
Information).

To determine whether NADPH oxidases (NOXs) partici-
pate at generating ROS in IHOKs, we measured the mRNA
and protein levels of NOX1 and NOX4 in IHOK treated with
respective or combined cytokines. NOX4 expression increased
in IHOK treated with the cytokines as compared to the con-
trol, whereas NOX1 expression was reduced (Fig. 5b). siRNA
targeting to NOX4 significantly reduced ROS generation
compared with the control. Intracellular ROS levels were
0.63-/0.78-/0.65-/0.77-fold lower than siControl in NOX4-
knockdown cells (Fig. 5d-1,2).

NOX1 and NOX4 contribute to DNA damage in IHOK

To identify whether NOX4 mediates DNA damage by cyto-
kine, we measured the oxidative DNA damage by the use of
8-oxoG FITC-conjugates. Silencing NOX4 alone did not
block cytokine-induced oxidative DNA damage (Fig. S10,
Supporting Information). To evaluate whether DNA damage
response was mediated by NOX4 in combination with
NOX1, we used an inhibitor of NOXs, VAS2870, for blocking
both these proteins. In mRNA and protein levels, VAS2870
treatment induced a dose-dependent decrease of both NOX1
and NOX4. To determine the influence of VAS2870 on
cytokine-induced ROS generation, the cells were pretreated
with VAS2870 10 lg/ml. ROS levels showed the 2.3-/1.8-/
1.9-/2.0-fold decrease in IHOK by treatment of GRO-a, IL-6,
IL-8 and the combination of three cytokines, respectively, as
compared with control (Fig. 6b-1,2). In addition, the NOX
inhibitor reduced cytokine-induced 8-oxoG positive cells. As
shown in Figure 6c, 15–27% of the positive cells were
reduced by preincubation of VAS2870 in each cytokine-
treated IHOK, however, the reduction of 8-oxoG positive
cells was not found in combined treatment of three cytokines
(Fig. 6c-1,2). Together, these results suggest both NOX1 and
NOX4 mediate cytokine-induced oxidative DNA damage by
regulating ROS production.

Discussion
DNA damage in AN-exposed oral epithelial cells has been
well acknowledged. Safrole-like DNA adducts24 or acrolein-
derived 1,N2-propanodeoxyguanosine DNA adducts25 were
formed in AN chewers. Moreover, DNA single-strand breaks
and DNA-protein crosslinks were induced in AN-exposed
oral epithelial cells.19 On the basis of the fact that OSF
caused by AN-chewing habit is characterized by chronic
inflammation with fibrosis, the aim of this study was to
investigate whether DNA damage in epithelial cells occurs
indirectly via secretory cytokines released from AN-exposed
fibroblasts. To achieve this goal, we attempted to evaluate
whether AN-exposed fibroblasts secrete cytokines and
whether the secreted cytokines induced DNA damage in
IHOK.

In that immortalized hTERT-hNOF16 have the same bio-
logical feature with normal fibroblasts and are more stable
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for in vitro study than primary cultured fibroblasts, we first
compared the cytokine secretion patterns of hTERT-hNOF
with hNOF after AN exposure, to determine whether hNOF
can be replaced with hTERT-hNOF in this study. Since the
secretion pattern of cytokines after AN exposure was similar
in both fibroblasts, we used hTERT-hNOF for this study.

Accumulating evidence has indicated that GRO-a, IL-6
and IL-8 promote carcinogenesis in various human cancers.
For instance, GRO-a is a potential mediator of cancer inva-

sion in several human cancers such as gastric cancer26 and
colon adenocarcinoma.27 IL-8 is capable of promoting cancer
progression by regulating angiogenesis through autocrine and
paracrine mechanisms.28,29 Autocrine effects of IL-6 in
tumorigenesis have been identified in human cancers such as
prostatic,30 breast9 and head and neck cancer.31 Our finding
which showed the proliferation of OSCC cells after cytokine
treatment was in agreement with those studies (Fig. S6, Sup-
porting Information).

Figure 4. DNA DSB and oxidative DNA damage were detected in OSF tissues (a) Immunohistochemical staining for phospho-Histone H2A.X

in OSF tissue. OSF tissue showed DNA damage foci in basal cell layer as compared to NOM. Arrows indicate positive cells. Positive control:

human colon cancer. Representative photomicrographs are shown. Scale bar 50 mm. C: control (b) OSF tissues showed positive staining for

8-oxoG FITC-conjugate in basal cell area seen by confocal microscopy. Scale bar 50 mm. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Figure 5. Cytokines induced ROS production via NOX4 in IHOK. (a21) ROS generation by cytokine treatment in IHOK was detected using H2DCFDA

dye. IHOK were treated with cytokines individually (GRO-a, IL-6 and IL-8) and in combination for 72 hr. Green fluorescent staining detected using

confocal microscopy. (a22) ROS-generating cells were 7- to 8-fold higher in cytokine-treated IHOK than in nontreated cells (*p<0.05 by Mann–

Whitney U test). Representative photomicrographs shown. Scale bar 50 mm. (b) The expression of NOX1 and NOX4 was analyzed by RT-PCR and

Western blot. NOX4 was increased after stimulation with each cytokine and combined cytokine treatment for 72 hr in IHOK. (c) IHOK cells were

transfected with NOX4 siRNA (siNOX4) 50 nM or control siRNA (siCont) 50 nM and stabilized for 24 hr. After stabilization, the cells were cultured

with cytokine for 1 hr. Knockdown of NOX4 was accomplished as above and confirmed by RT-PCR and Western blot. (d21) Flow cytometry analysis

of positive cell staining H2DCFDA dye for detection of ROS generation by NOX4 knockdown. (d22) Graphs shown were as a quantitative analysis.

Each of IHOK cell transfected with siCont (Black stick), siNOX4 (White stick) and the cell without any transfection (Gray stick) treated with indicated

cytokine and then analyzed. In spite of cytokine treatment, NOX4 knockdown-IHOK decreased ROS generation compare to cell transfected with

siCont and cell without any transfection. The results shown are representative of multiple repeats (*p�0.05 by Mann–Whitney U-test). [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Cytokines-induced DNA damage was caused by ROS production through NOX1 and NOX4 in IHOK. (a) Effect of NOX1 and NOX4 by

VAS2870, NOX inhibitor. Knockdown of NOX1 and NOX4 were accomplished in dose-dependent manner. (b21) The cells were incubated

with cytokine for 1 hr. Flow cytometry analysis of positive cell stained H2DCFDA dye for ROS generation. (b22) Statistical graphs are shown.

NOX inhibitor, VAS2870, inhibited cytokine-induced ROS production (p<0.05* by Mann–Whitney U-test). (c21) The cells were incubated

with cytokine for 20 hr. Flow cytometry analysis of positive cell stained using FITC-conjugated OxyDNA assay for detection of Oxidative DNA

damage by knockdown both NOX1 and NOX4. (c22) Cytokine-triggered oxidative DNA damage was blocked by VAS2870 in IHOK, except for

combined treatment. The results shown are representative of multiple repeats (p<0.05* by Mann–Whitney U-test). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

C
ar
ci
n
og

en
es
is

Illeperuma et al. 2555

Int. J. Cancer: 137, 2545–2557 (2015) VC 2015 The Authors. Published by Wiley Periodicals, Inc. on behalf of UICC



The present study detected 8-oxoG as evidence of oxida-
tive DNA damage, based on the notion that an oxidative
stress-induced DNA damage pathway underlies its signifi-
cance at the earliest stages of cancer development.32–34 The
oxidized guanine bases were elevated in various human can-
cers and thus, oxidative DNA damage is expected to be an
etiology of human cancers.35,36 Our study showed that the
level of 8-oxoG-labeled cells increased in IHOK treated with
either cytokines or CM from AN-exposed fibroblasts. Further,
the 8-oxoG-positive cells were reduced when cytokines in the
CM were neutralized, suggesting that DNA damage has been
triggered by cytokines released from AN-exposed fibroblasts.
As DNA DSB is one of the most deleterious forms of DNA
damage and is accumulated in premalignant lesions as well as
in OSCC,22,37 the continuous formation of DNA DSB may
contribute to genomic instability and consequently to carcino-
genesis.34 In our study, the DNA DSB-positive cells increased
in cytokine-treated IHOK compared to the nontreated con-
trols. Collectively, the present study showed that DNA damage
in IHOK cells occurred by cytokines released from AN-
exposed fibroblasts.

AN-exposed human keratinocytes are directly damaged
via their own oxidative stress pathway.38 Our study
attempted to determine indirect DNA damage of epithelial
cells via AN-exposed fibroblasts. Herein, we used immortal-
ized HPV E6/E7 transfected keratinocytes to examine DNA
damage. Considering that DNA damage in oral keratinocytes
by AN-exposed fibroblasts has been secondarily affected in
the damaged epithelium in advance by AN exposure, we
thought that IHOK could be substituted for oral keratino-
cytes irritated by AN exposure. Supporting our assumption,
our data showed that IHOK produced ROS by AN-exposure
(Fig. S4, Supporting Information). Moreover, cytokine treat-
ment to normal keratinocytes (HEK) failed to induce DNA
damage (Fig. S8, Supporting Information), suggesting that
DNA damage by cytokine treatment may be limited to the
genetically transformed keratinocytes like IHOK.

A 10 ng/ml concentration of cytokine was 50- to 100-fold
higher than the concentration produced from AN-exposed
fibroblasts in our experiment. Nevertheless, we extrapolated
that these cytokines induce oxidative DNA damage to epithe-
lial keratinocytes transformed by carcinogens, because oxida-
tive DNA damage occurred through CM obtained from AN-
exposed fibroblasts. These in vitro data were confirmed by
the detection of DNA damage in OSF tissues. However, the
causes of DNA damage observed in OSF tissues cannot be
proven with the present study; whether this damage is due to
direct injury by AN-extract or indirect injury by cytokines
released from AN-exposed fibroblasts.

Oxidative stress is a well-known mechanism of causing cell
damage by AN-extract.39 In our study, antioxidants reduced
IL-6 and IL-8 levels in AN-exposed fibroblasts, supporting that
cytokine secretion by AN-exposed fibroblasts was due to ROS
generation.40 However, Gro-a expression was not reduced by
antioxidants, indicating that Gro-a may be modulated by dif-

ferent pathway from IL-6 and IL-8. It has been well established
that cytokines are regulated by the activation of NF-jB linked
with ROS generation.41,42 In our study, phosphorylated p65
(subunit of NF-jB family) and p38 were increased in AN-
exposed fibroblasts, compared with nontreated control (Fig.
2c). These results are consistent with previous reports.39,43

Also, we confirmed that AN-induced ROS generation was
regulated through NF-jB pathway, because the inhibitor of
NF-jB significantly attenuated ROS generation by AN-extract
(Fig. S5, Supporting Information). Thus, it can explain that
AN-extract induces ROS generation through NF-jB and then
triggers secretion of cytokines. In addition, Arecoline, a major
alkaloid among the components in AN-extract, can induce
cytokine production.44 Since the present study could detect
Arecoline from AN-extract, we could extrapolate that Areco-
line might induce secretion of cytokines in our study.

ROS generation could be a mechanism of causing DNA
damage induced by cytokine.20 ROS generation is mediated
through activation of NADPH oxidase.45 In our study, NOX4
expression increased in cytokine-treated IHOK, whereas
NOX1 expression was reduced. It has been reported that
NOX1 is regulated by recruitment of cytosolic subunits to
redoxosomes, whereas NOX4-dependent ROS generation is
confined to the nuclear envelope.46,47 Considering that intra-
cellular signaling by cytokine binding proceeds by endocyto-
sis, NOX1 may be primarily affected by cytokine binding,
resulting in a decrease of NOX1 activity. The overexpression
of NOX4 may be caused by a compensatory mechanism
between NOX1 and NOX4.48 In our study, the downregula-
tion of both NOX1 and NOX4 decreased ROS generation
and DNA damage, suggesting that GRO-a, IL-6 and IL-8
induced ROS generation in IHOK through NOX4 in combi-
nation with NOX1.

We observed DNA damage by the combination treatment
of three cytokines as well as by the respective treatment of
each cytokine, presuming that several cytokines work
together in vivo condition. Our study showed the increase of
8-oxoG-labelled cells in IHOK treated by three cytokines
together (Fig. S7a22, Supporting Information) and these
results were also confirmed by the treatment of neutralizing
antibodies (Fig. 3a-2), accepting that the combination of
three cytokines also induce DNA damage. However, the dam-
aged cells could not be augmented by combined treatment,
as compared with the respective treatment. Moreover, a NOX
inhibitor had no impact on the reduction of 8-oxoG positive
cells in the combined treatment of three cytokines, whereas a
NOX inhibitor reduced 8-oxoG positive cells by respective
treatment. Collectively, these in vitro data should be con-
firmed by further in vivo study for clinical application.

On the basis of these data, we could conclude that fibro-
blasts secrete cytokines in response to external stimuli such
as AN, subsequently triggering oxidative DNA damage and
DNA DSB in adjacent epithelia cells. Accumulation of DNA
damage that ensues in the epithelial cells as a result of con-
tinuous insult by the cytokine-mediated ROS generation
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might contribute to the malignant transformation of OSF.
Thus, inhibition of ROS generation could be a promising
mode of blocking the deleterious effects of cytokines secreted
from fibroblasts, as it can prevent malignant transformation
of potentially malignant lesions such as OSF tissues.
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