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Cancer stem-like cell (CSC; also known as tumor initiating cell) is defined as a small subpopulation of can-
cer cells within a tumor and isolated from various primary tumors and cancer cell lines. CSCs are highly
tumorigenic and resistant to anticancer treatments. In this study, we found that prolonged exposure to
tumor necrosis factor alpha (TNFa), a major proinflammatory cytokine, enhances CSC phenotype of oral

Keywords: squamous cell carcinoma (OSCC) cells, such as an increase in tumor sphere-forming ability, stem cell-
TNFo, associated genes expression, chemo-radioresistance, and tumorigenicity. Moreover, activation of Notch1
(C):rfccer stem cells signaling was detected in the TNFo-exposed cells, and suppression of Notch1 signaling inhibited CSC phe-
Notch notype. Furthermore, we demonstrated that inhibition of a Notch downstream target, Hes1, led to sup-
Hes1 pression of CSC phenotype in the TNFo-exposed cells. We also found that Hesl expression is

commonly upregulated in OSCC lesions compared to precancerous dysplastic lesions, suggesting the pos-
sible involvement of Hes1 in OSCC progression and CSC in vivo. In conclusion, inflammatory cytokine

exposure may enhance CSC phenotype of OSCC, in part by activating the Notch-Hes1 pathway.

Published by Elsevier Inc.

1. Introduction

OSCC is an important problem not only because of the signifi-
cant mortality associated with the disease, but also because of
the functional defects and disfigurement often associated with its
treatment [1,2]. Like other cancers, the development of OSCC is a
multistep process with accumulation of genetic and epigenetic
changes [3].

Recent studies have uncovered and validated the pathophysio-
logic role of self-renewing cells, namely CSC (also called tumor-ini-
tiating cells), in long-term sustenance of cancers [4]. CSCs share
many molecular similarities to embryonic and normal adult stem
cells. Many molecular determinants of normal stem cells, such as
self-renewal ability and multi-lineage differentiation capacity, are
retained in CSCs [5]. CSCs have been isolated from various primary
tumors and established cancer cell lines via cell surface markers,
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and they typically have the following properties: high tumorige-
nicity upon injection in immunodeficient mice, the ability to grow
as tumor spheres in undifferentiating medium and resistance to
cancer therapeutic agents [6]. Similarly, the existence of CSCs has
been demonstrated in primary OSCC and cell lines [7]. Therefore,
CSCs drive the perpetuity of the disease while producing cellular
heterogeneity of cancer tissues, and are becoming new targets of
anti-cancer therapies [8]. The phenotypes of CSC have been re-
ported to be maintained by several endogenous signaling path-
ways, such as Notch, Hedgehog, and Wnt [9-11]. Activation of
those pathways is frequently found in human cancers [11-13]. In
addition to endogenous pathways regulating stem cell functions,
CSCs could be enriched by exogenous carcinogenic factors. For in-
stance, nicotine enhanced CSC population in human breast cancer
[14]. Furthermore, recent studies demonstrated that proinflamma-
tory cytokines, TGFB and TNFa, generated CSC in breast cancer,
suggesting a possible link between CSC and inflammation [15,16].

There is increasing evidence of chronic inflammation-associated
tumorigenesis [17]. Although the molecular and cellular mecha-
nisms linking chronic inflammation to tumorigenesis have not
been fully understood, TNFa, a major mediator of inflammation,
is known to play a crucial role in the inflammation-associated can-
cer development. Disruption of the TNFa signaling pathway could
significantly inhibits chemical induced-carcinogenesis in skin
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[18,19]. Many studies suggested that TNFo promotes inflamma-
tion-associated tumorigenesis by activating the nuclear factor-xB
(NF-kB) signaling, which inhibits the death of precancerous or
transformed cells during the development of inflammation-
associated cancers [20,21]. In addition, TNFo is a potential
mutagen that causes DNA damage through the induction of
reactive oxygen species [22].

In the present study, we investigated the effect of TNFo on CSC
property in OSCC. Our study revealed that prolonged exposure to
TNFa enhanced CSC property, i.e., tumor sphere-forming ability,
stem cell-associated genes expression, and chemo-radioresistance,
in OSCC cells. Moreover, the TNFo-exposed cells with elevated CSC
phenotype showed higher tumorigenic potential than the control
cells. Finally, our study also demonstrated that the enriched CSC
phenotype in the TNFa-exposed OSCC cells was attributed to acti-
vation of Notch-Hes1 pathway.

2. Materials and methods
2.1. Cell culture and chronic exposure of cells to TNFo

The SCC-4, SCC-9, and HEp2 cancer cell lines were purchased
from the American Type Culture Collection (ATCC). SCC-4 and
SCC-9 were cultured in DMEM/Ham’s F12 (Invitrogen) supple-
mented with 10% FBS (Gemini Bioproducts) and 0.4 pig/ml hydro-
cortisone (Sigma-Aldrich), while HEp2 was grown in MEM
(Invitrogen) supplemented with 10% FBS. The cell lines were trea-
ted with 5 ng/ml of TNFa (Sigma-Aldrich) for extended periods.

2.2. Tumor sphere formation assay

The cells were grown in DMEM/F12 media with 1:50 B27 (Invit-
rogen), 20 ng/ml EGF, 20 ng/ml, 10 pg/ml insulin, penicillin, strep-
tomycin, and amphotericin B in 6-well plates at a density of
1000 cells/ml. Additional 0.5 ml of media was added every 5 days
for 15 days. The number of tumor spheres formed were observed
and counted under a microscope.

2.3. Quantitative real-time PCR (qPCR)

cDNA was synthesized from 5 pg of total RNA using SuperScript
first-strand synthesis system (Invitrogen). We used 1 pl cDNA for
gPCR amplification using SYBR Green I Master mix (Roche) and
LightCycler 480 II (Roche). The primer sequences were obtained
from the Universal Probe Library (Roche), and the sequences can
be available upon request. Second derivative Cq value determina-
tion method was used to compare fold-differences according to
the manufacturer’s instructions.

2.4. Chemo-radiosensitivity assays

Chemosensitivity of cells was determined by measuring cell
viability using the tetrazolium salt (MTT) cell proliferation assay
kit (ATCC). The cells were plated at 2 x 10> cells per well into 96-
well plate and incubated in culture medium containing 40 pm eto-
poside (Sigma-Aldrich) for 2, 4, and 6 days. Absorbance at 570 nm
was determined using a microplate reader.

For radiosensitivity assay, the cells were irradiated with 0, 5 Gy,
10 using Mark 1-30 Cesium-137 irradiator (JL Shepherd & Assoc.)
with the delivery rate of 4.86 Gy/min. Cells were seeded in 6-well
plates at low density (200 cells per well). The cells were main-
tained in culture for 10 additional days to allow colony formation.
Visible colonies consisting of at least 50 cells were stained with
Giemsa stain (Sigma) and counted.

2.5. Anchorage-independent growth

To determine colony-forming efficiency in semi-solid medium,
1 x 10* cells were plated in culture medium containing 0.3% aga-
rose over a base layer of serum-free medium containing 0.5% aga-
rose. Three weeks after incubation, colonies were counted. The
experiment was performed in triplicates with 60-mm dishes.

2.6. Western blotting

Whole cell extracts were isolated using the lysis buffer (1% Tri-
ton X-100, 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA,
1 mM EDTA, 2.5 mM sodium pyrophosphate, 1 uM B-glycerophos-
phate, 1 mM sodium orthovanadate, 1 mg/ml PMSF). The extracts
were then fractionated by SDS-PAGE and transferred to Immobilon
protein membrane (Millipore). The membranes were incubated
successively with the primary and the secondary antibodies, and
exposed to the chemiluminescence reagent (Amersham) for signal
detection. We used the following primary antibodies for this study:
NICD (Val 1744; Cell signaling), Hes1 (H-20; Santa Cruz), and GAP-
DH (Santa Cruz). Horse radish peroxidase (HRP)-conjugated sec-
ondary antibodies were obtained from Santa Cruz.

2.7. Organotypic raft cultures

One million cells were seeded on the submucosal equivalents
consisting of type I collagen and normal human oral fibroblasts.
The cells were grown to confluence, submerged in the culture med-
ium, and then exposed to the liquid-air interface by lowering the
medium level. The cultures were maintained in this “rafting” fash-
ion for 14 days and were harvested by fixing in 10% buffered for-
malin. Subsequently, hematoxylin-eosin (H&E) staining was
performed on thick (6 pm) sagittal sections of each reconstructs
to reveal the histological features. Sample processing, paraffin-
embedding, sectioning, and H&E staining were performed at
UCLA’s TPCL.

2.8. Determination of tumorigenicity in vivo

Four million cells were subcutaneously injected into the flank of
immunocompromised mice (strain nu/nu, Charles River Laborato-
ries). The animal study was performed according to the protocol
approved by UCLA Animal Research Committee. The kinetics of tu-
mor growth was determined by measuring the volume in three
perpendicular axes of the nodules using micro-scaled calipers.

2.9. Knockdown of endogenous Hes1 by siRNA

Hes1 expression was knocked down with duplex siRNA target-
ing Hes1 or the control, scrambeled siRNA (Santa Cruz), which was
introduced using Lipofectamine (Invitrogen). SCCY/TNF cells
(2 x 10°) were plated in 60-mm dishes and transfected with
15 pg siRNA. The cultures were harvested after three days post-
transfection for biochemical analyses.

3. Results
3.1. TNFo. increases CSC property in OSCC

In order to investigate the effect of TNFo on CSC phenotype of
0OSCC, we treated three OSCC cell lines (SCC4, SCC9, and HEp2) with
TNFa (5-10 ng/ml) for extended periods and examined its effects
on undifferentiated tumor sphere formation, which is considered
as CSC population and property [23]. Two months after the expo-
sure, all tested cell lines showed enhanced tumor sphere-forming
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ability (Fig. 1A). Increased tumor sphere formation was first evi-
dent after 2 month exposure. Importantly, it should be noted that
after the 2 month exposure, we withdrew TNFa from culture med-
ium and performed all the experiments. In doing so, we may ex-
clude the immediate effect of TNFa on biological behaviors of
tested cell lines. Interestingly, chronic TNFo induced a robust in-
crease in tumor sphere-forming capacity of SCC9. SCC9 displayed
negligible or no tumor sphere-forming ability, whereas the TNFa-
exposed SCC9 (SCCY/TNF) acquired significant sphere-forming
capacity even compared to SCC4 and HEp2 (Fig. 1A and B). Because
of these results, further experiments were focused using SCC9/TNF
compared to SCC9.

Quantitative PCR pathway analysis showed enriched expression
of stem cell-associated genes, including cyclin D2 (CCND2), epithe-
lial cell adhesion molecule (EPCAM), lin-28 homolog B (Lin28B),
CD44, Sox2, Myc, aldehyde dehydrogenase 1 (ALDH1) in SCC9/
TNF (Fig. 1C). An important characteristic of CSCs is their resistance
to chemo-radiotherapy [24]. The SCC9/TNF cells displayed in-
creased resistance to etoposide (Fig. 1D left) and ionizing radiation
(Fig. 1D right) than the control SCC9 cells. These findings suggest
that TNFo may increases CSC population and property in OSCC.

3.2. TNFu further enhances tumorigenicity of OSCC in vitro and in vivo

Hallmarks of CSC include high tumorigenic potential. Therefore,

we examined whether chronic TNFo enhances anchorage
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independent growth ability of SCC9. The soft agar assay revealed
that SCC9/TNF showed greatly increased anchorage independent
growth ability compared to SCC9 (Fig. 2A). Also, SCC9/TNF formed
bigger cell colonies than the control SCC9 cells (Fig. 2A). Consistent
with previous report, the control SCC9 cells showed extremely low
anchorage independent growth ability [25]. We also employed an
in vivo-like 3D organotypic cell culture system. To recapitulate
the tissue microenvironment, SCC9 and SCC9/TNF were overlaid
on an extracellular matrix gel mixed with normal human oral
fibroblasts, and after 14 days, a liquid-air interface was created,
thereby leading to stratification of the squamous epithelium,
which resembles the human squamous epithelium [26]. Organo-
typic culture of SCC9/TNF demonstrated malignant histomorphol-
ogy with invasive characteristics into subepithelial layer and
increased epithelial thickness, and mitotic cells compared to orga-
notypic culture of SCC9 (Fig. 2B). Furthermore, we evaluated the
tumorigenicity of SCC9 and SCCO/TNF in vivo. We injected SCC9
and SCCY/TNF into nude mice and monitored tumor formation.
SCCY/TNF developed tumor in 2 of 5 mice, whereas SCC9 failed
to form tumor in tested animals (Fig. 2C). Our data indicate that
TNFa enhances tumorigenicity of SCC9.

3.3. TNFu activates Notch1 signaling pathway

Activation of Notch1 signaling pathway is critical for the main-
tenance of CSC and requires binding of its ligands, Jagged 1 (JAG1),
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Fig. 1. TNFo enhanced CSC phenotype in OSCC. Three OSCC cell lines (SCC4, SCC9, and HEp2) were exposed to 5-10 ng/ml of TNFo for 2 months. (A) Tumor sphere formation
assay was performed in triplicate. P values were obtained against untreated corresponding control. (B) Representative image of tumor spheres formed by SCC9 and TNFo-
exposed SCCI (SCCY/TNF). The photographs were taken at a magnification of 40x. (C) qPCR analysis of stemness-associated genes in SCC9 and SCC9/TNF. Levels of the
stemness-associated genes in SCC9/TNF were plotted as fold induction against those in SCC9. (D) Chemo-radioresensitivity assay. Cells were treated with 40 uM of etoposide
for 2, 4, and 6 days, and their viability was measured using MTT assay (left). For clonogenic survival assay (right), cells were irradiated with 5 and 10 Gy, and surviving
colonies were stained and counted (right). Data are expressed as the mean + SD of triplcate.
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Fig. 2. TNFa increased tumorigenicity of SCC9. (A) Anchorage independent growth assay. Five thousand cells were plated in semi-solid agar, and colonies were counted for
three weeks. The assay was performed in triplicate with 60-mm dishes. The photographs were taken at a magnification of 40x. (B) Ex vivo three dimensional organotypic raft
cultures. Organotypic “raft” cultures were established with SCC9 and SCC9/TNF. (C) In vivo tumorigenic assay. SCC9 and SCC9/TNF were injected subcutaneously into five
nude mice. The kinetics of tumor growth was determined by measuring the volume in three perpendicular axes of the nodules using micro-scaled calipers.

JAG 2 and Delta-like (DLL), followed by proteolytic release of Notch
intracellular domain (NICD) and the activation of NICD down-
stream target genes [27]. Since our data showed increased expres-
sion of Notch ligands, i.e., DLL1, JAG1, and JAG2 (Fig. 1C) in SCC9/
TNF, we explored activation status of Notch1 pathway in SCC9/
TNF by examining the expression of NICD, an activated form of
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Notch protein. Western blot revealed that NICD was significantly
increased in SCC9/TNF compared to SCC9 (Fig. 3A). Furthermore,
various NICD downstream target genes, including Hes1 (hairy
and enhancer of split 1), were upregulated in SCC9/TNF compared
to SCCI (Fig. 3A and B). These findings clearly indicate the activa-
tion of Notch1 signaling pathway by TNFa in SCC9.
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Fig. 3. Role of Notch1 signaling pathway in CSC property in the TNFo-exposed SCC9 cells. (A) Western blot analysis of NICD and its target Hes1 in SCC9 and SCC9/TNF. GAPDH
was used as a loading control. (B) qPCR analysis of NICD target genes in SCC9 and SCC9/TNF. Levels of the genes in SCC9/TNF were plotted as fold induction against those in
SCC9. (C) Synthetic y-secretase inhibitor, DAPT (5 uM) abrogated the expression of NICD and Hes1 protein in SCC9/TNF as determined by Western blot analysis. The cells
treated with DMSO were included for comparison. (D) Inhibition of Notch 1 pathway reduced tumor sphere-forming ability of SCC9/TNF. The SCC9/TNF cells were treated
with DAPT for 2 days and subjected to tumor sphere-forming assay in triplicate. P value was obtained against DMSO-treated control.
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3.4. Effect of Notch-Hes1 pathway on CSC property in the TNFo-
exposed cells

To investigate the role of Notchl signaling pathway in CSC
property of SCC9/TNF, we examined the effect of a pharmacological
Notch1 inhibitor (y-secretase inhibitor, DAPT) on tumor sphere-
forming ability of SCCO/TNF. Because 5 uM of DAPT has no effect
on SCCY/TNF cell growth (data not shown), we treated the cells
with the concentration and measured NICD expression. DAPT had
significantly reduced NICD expression compared to control DMSO
treatment (Fig. 3C). Similarly, DAPT also downregulated the NICD
downstream target Hes1 (Fig. 3C). We then assessed tumor sphere
formation under DAPT treatment. The assay revealed that DAPT
treatment significantly suppressed tumor sphere-forming ability
of SCC9/TNF (Fig. 3D). This finding indicates that NICD is required
for tumor sphere-forming capacity of SCC9/TNF.

To further understand the role of Hes1 in the CSC property, we
suppressed endogenous Hes1 in the SCC9/TNF cells by transfecting
them with siRNA against Hes1 (Hes1i) or control siRNA (CTLi) as a
control (Fig. 4A). The Hes1i-transfected SCC9/TNF cells formed sig-
nificantly smaller number of tumor spheres compared to the CTLi-
transfected control cells (Fig. 4B and C). These data indicate that
Hes1is also important regulator for tumor sphere-forming capacity
of SCCY/TNF, suggesting that TNFo increases the CSC property via a
Notch-Hes1 pathway.

3.5. Expression of Hes1 in dysplastic and OSCC lesions

To further investigate the importance of Hes1 in oral carcino-
genesis and CSC in vivo, we determined the level of Hesl

expression in laser capture microdissected dysplastic and OSCC le-
sions. We speculate that CSC population is enriched in OSCC lesion
compared to dysplastic lesion. Quantitative PCR revealed that Hes1
is commonly upregulated in OSCC compared to precancerous dys-
plastic lesions (Fig. 4D). Although further analysis with a larger
sample size is required, this finding suggests that Hes1 may be
associated with the progression of OSCC and the enrichment of
CSC population in vivo.

4. Discussion

In this study, we report that prolonged exposure of OSCC cells to
proinflammatory cytokine TNFa enhances CSC phenotype and
tumorigenicity. TNFa increased the CSC properties of OSCC, such
as (1) tumorigenic potential, (2) tumor sphere-forming ability,
(3) expression of stem cell-associated genes, and (4) chemo-radio-
resistance. Subsequently, our study found activation of Notch-Hes1
pathway in the TNFa-exposed OSCC cells. Suppression of Notch-
Hes1 pathway inhibited the CSC property of the TNFo-exposed
OSCC cells.

TNFa is a major mediator of inflammation. TNFa is not only
widely distributed throughout the body in normal physiologic con-
ditions, but it is involved in many pathologic processes including
inflammation and carcinogenesis [28]. Indeed, many studies have
reported the tumor-promoting effects of TNFa. First, TNFo acti-
vated oncogenic pathways [29]. Second, overexpression of TNFo
increased malignant behavior of tumor cell lines [30]. Third, TNFa
and TNFo receptor 1 knock-out mice are resistant to chemical in-
duced skin carcinogenesis [24,31]. Fourth, TNFa elevated chromo-
somal instability by virtue of its ability to induce ROS [32].
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Fig. 4. Effect of Hes1 on CSC property of SCC9/TNF and its expression in dysplastic and OSCC tissues. (A) Western blot analysis of Hes1. Endogenous Hes1 was knocked down
in SCC9/TNF using siRNA against Hes1 (Hes1i). The cells transfected with control siRNA (CTLi) were included for comparison. (B) Inhibition of Hes1 reduced tumor sphere-
forming ability of SCC9/TNF. P value was obtained against CTLi-transfected control. (C) Tumor spheres were photographed at a magnification of 40x. (D) Dysplasia and OSCC
tissue were dissected by laser capture microdissection, and RNA was isolated to synthesize cDNA. The level of Hes1 mRNA was quantified using qPCR and normalized with the

GAPDH expression.
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Consistent with these observations, TNFa further elevated malig-
nant phenotypes of OSCC, i.e., anchorage independent growth abil-
ity and in vivo tumorigenic potential. We also obtained similar
result that chronic TNFa exposure further elevated malignant
behavior of non-tumorigenic immortalized oral keratinocytes
(unpublished data). Our results suggest that prolonged TNFo expo-
sure mimicking chronic inflammatory microenvironment is an
important carcinogenic factor for oral cancer.

CSCs are considered the seed of cancer for their crucial roles in
malignant behavior of cancer cells, i.e., migration/invasion, resis-
tance to anticancer therapies, anchorage independent growth abil-
ity and in vivo tumorigenic potential. However, the effect of chronic
inflammation on CSC remains largely unclear. Our study show that
the chronic exposure of OSCC cells to proinflammatory agent TNFo
enhances CSC properties. This is important evidence supporting
the role of chronic inflammation in OSCC. Our finding is consistent
with a recent reports demonstrating that inflammatory cytokines,
TGFB and TNFa, increased CSC population and phenotypes in
breast cancer cells [15,16]. Furthermore, we documented that pro-
longed TNFa treatment results in activation of Notch1 signaling
pathway, a critical CSC maintaining pathway [27]. Our data dem-
onstrated that inhibition of Notch1 pathway by DAPT suppressed
tumor sphere-forming capacity of the SCC9/TNF cells with con-
comitant reduction of Notch1 downstream target Hes1, suggesting
the importance of Notch-Hes1 pathway in the TNFa-induced CSC
property in SCC9 cells. Hes1 was significantly increased in the
SCCY/TNEF cells, and repressed by the Notch1 inhibitor in the same
cells, indicating a direct regulation of Hes1 by activated Notch1 in
our cell model. In the present study, the knockdown of endogenous
Hes1 in SCCY/TNF significantly inhibits tumor sphere-forming
capacity, further confirming the significance of Notch-Hes1 path-
way in the CSC phenotype. It is interesting to note that the effect
of Hes1 knockdown on tumor sphere formation was smaller than
that of Notch1 inhibition (75% vs 36% reduction). This observation
suggests the presence of Notch-Hes1 independent pathway/mech-
anism in the TNFo~induced CSC property in SCC9.

There is increasing evidence of the importance of Hes1 in the
maintenance of progenitor cell fate. For instance, Hes1 is com-
monly expressed in most undifferentiated cell types in the devel-
oping mouse embryo. Moreover, Hes1 deficient mice displayed
premature differentiation, progenitor cell depletion, and a conse-
quent lethality [33]. Many studies also demonstrated the implica-
tion of Hes1 in tumorigenesis. In breast and pancreatic endocrine
tumors, Hes1 was commonly repressed, whereas Hes1 is increased
in osteosarcomas [34-36]. These conflicting reports suggest that
Hes1 may have dual role as a tumor suppressor or an oncogene
depending on the tumor types and the stages of cancer progres-
sion. Our study reports for the first time that Hes1 is overexpressed
in the TNFa-exposed OSCC cells with increased CSC property.
Although the sample size was limited, Hes1 is greatly increased
in OSCC lesions compared to precancerous lesions. Our data sug-
gest that Hes1 may be associated with cancer progression and
CSC phenotype in OSCC. This also suggests the possible oncogenic
role of Hes1 in oral carcinogenesis. Thus, Hes1 could be considered
for a therapeutic target for CSCs in OSCC.

In conclusion, this study provides novel information of the role
of proinflammatory cytokine in OSCC progression. Our results re-
veal a molecular mechanism that TNFa enhances OSCC stem
cells-like phenotype, which is associated with activation of
Notch-Hes1 pathway. Therefore, we speculate that the challenge
of OSCC cells with inflammatory microenvironment, e.g., chronic
inflammation, may further increase CSC population/phenotype
and allow CSCs to subvert immune-mediated elimination, thereby
permitting long term survival, which would promote malignancy
of OSCC.
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