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ABSTRACT
Patient treatment for oral squamous cell carcinoma (OSCC) not associated
with Human papillomavirus remains problematic. OSCC microenvironment is
typically inflamed and colonized by microorganisms, providing ligands for toll-like
receptors (TLR). In immune cells TLR2 and TLR4 activate NF-kB and extracellular
signal regulated kinase (ERK)1/2 pathways, leading to upregulation of inhibitory
adenosine receptors A2a and A2b, and reduction in stimulatory A1 and A3. How TLR
and adenosine receptors function in SCC cells is not understood. To address this gap,
we evaluated TLR and adenosine receptor expression and function in human OSCC
cells and keratinocytes. TLR2 and A2a were co-expressed in pre-cancer and SCC cells
of 17 oral specimens. In vitro, 5/6 OSCC lines expressed more TLR2 than TLR1, 4 or 6
mRNA. TLR2 ligands stimulated A2a expression in TLR2-high cell lines, but no A1 or A3
was detected with or without stimuli. In TLR2-high OSCC, TLR2/1, 2/6 and adenosine
receptor agonists activated ERK1/2. TLR2-mediated ERK1/2 phosphorylation resulted
in accumulation of c-FOS, ERK-dependent cell proliferation and reduced caspase-3
activity. Similar ERK1/2-dependent proliferation and decreased caspase-3 activity
were caused by combined TLR2 and adenosine receptor stimuli. We conclude that TLR2
and adenosine receptor agonists, known to be present in the tumor microenvironment,
may contribute to OSCC progression in part via direct effects on the ERK1/2 pathway
in squamous carcinoma cells.

INTRODUCTION

the characteristic morphologic abnormalities confined
to some or most of the mucosal squamous epithelial cell
layers [3]. Notably, in contrast to most solid cancers, the
level of cell differentiation has little impact on the overall
survival of patients with OSCC [3], suggesting that factors
outside the malignant cells are important. OSCC develop
in the context of surface-associated microbes, and several
studies have identified various commensal and pathogenic
Gram-positive (Gpos) and Gram-negative (Gneg) bacteria
that colonized these cancers [4–9], while OSCC cells
were deficient in the production of several anti-microbial

Squamous cell carcinoma (SCC) is a tenacious
and aggressive cancer of epithelial cells that occurs in
many organs, and is especially prevalent at mucosal
and skin surfaces. In the oral cavity, SCC represents
85–90% of all malignancies [1]. Here we focus on the
major group of Human papillomavirus (HPV)-negative
oral (O)SCC, which represent >90% of oral cancer [2].
Frequently, OSCC develop via pre-cancerous changes
called epithelial dysplasia, which is recognized due to
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peptides [10]. So far, no causative microorganisms for
HPV-negative OSCC have been identified. Whether
causative or not, continuous bathing of a developing
carcinoma in microbial products is a potentially important
factor, in part because they can trigger and/or support
chronic inflammation. The role of colonizing microbes in
OSCC pathogenesis has not been defined.
The recognition of microbial products, irrespective of
pathogenicity, is generally a function of pattern recognition
receptors (PRR). A subset of PRR known as Toll-like
receptors (TLR) is used by antigen presenting and other
immune system cells. In immune system cells, activated
TLR lead to inflammation via the canonical NF-kB pathway
and other signals [11]. A key pathway induced by nearly all
TLR (except TLR3) in various immune cells is MyD88dependent and involves the phosphorylation of MAPK3
ERK1 and MAPK1 ERK2, which then translocate to the
nucleus and activate transcription factors [11, 12].
In the context of the Gpos and Gneg bacteria
colonizing OSCC [4–9], cell surface TLR2 and TLR4 are
of particular interest, because LPS from most Gneg bacteria
activates TLR4, while various products (lipopeptides and
peptidoglycans) from Gpos bacteria primarily activate
TLR2 [11, 13]. A unique feature of TLR2 is the very broad
range of ligands, because it dimerizes with two other TLR,
TLR1 (TLR2/1) or TLR6 (TLR2/6), and can partner with
other co-receptors [11, 13]. We and others have observed
that while normal oral squamous epithelium is relatively
unresponsive to TLR stimuli, TLR2 and TLR4 ligands
often induce SCC cells to make pro-tumor factors, such
as IL-6, IL-8, VEGF, CCL2 [14–16]. TLR4 activation in
head and neck SCC was shown to promote cell survival
and growth, and even offer protection from cisplatininduced apoptosis [16]. A role for cell-intrinsic TLR2
and MyD88 in intestinal and breast epithelial (nonsquamous) cells and oncogenesis has been described
[17, 18]. Remarkably, epithelial cell TLR2, independent of
its expression in hematopoietic tumor-infiltrating cells, was
shown to directly promote gastric adenocarcinoma growth
in mice [19], while expression and signaling of TLR2 in
epithelial cells of the small intestine was dependent on
microbial colonization of the gut in mice [18]. In addition,
high TLR2 expression common particularly in human
intestinal-type gastric adenocarcinoma, was shown to be
associated with a certain TLR2-regulated gene profile
and poor patient outcomes [20]. Another recent study
suggested that TLR2 may also be important for OSCC
cells, because blocking TLR2 inhibited tumor growth in
a xenograft immunodeficient mouse model [21]. Yet, the
function of TLR in OSCC is largely unknown.
Unchecked TLR activation can lead to severe
inflammation with tissue damage. The damage is controlled
in part via inhibitory adenosine receptors (AR), which are
members of the G-protein-coupled receptor family. A major
source of adenosine at sites of inflammation and in the
cancer microenvironment, including head and neck SCC
www.impactjournals.com/oncotarget

[22], is extracellular ATP, which is released from stressed or
dying cells and de-phosphorylated by cell surface enzymes
[23–25]. Adenosine acts via differentially expressed
AR A1, A2a, A2b and A3 [24, 26]. In contrast to A1 and
A3, A2a (and to some extent, the low-affinity AR A2b)
inhibits destructive inflammation by inducing cyclic AMP,
while promoting regulatory T cells and wound healing
[24, 26–28]. In immune system cells, TLR activation
causes a decrease in A1 and A3, while A2a expression is
increased and it acts as a key inhibitor of immune system
cell inflammatory responses [23]. Similar to the MyD88dependent pathway of TLR activation, A2a signals induce
MAPK3/1 ERK1/2 phosphorylation in immune system cells
[23], which then results in suppression of proinflammatory
cytokines via phosphorylation of c-FOS [29].
To address the gap in the understanding how OSCC
cell TLR and AR affect malignant squamous cells, we
characterized the expression and function of TLR2, TLR4
and AR in OSCC cells. We show that in vivo, keratinocytes
in epithelial dysplasia and in OSCC expressed both TLR2
and A2a. In vitro, OSCC cells expressed TLR1, 2, 4 and 6
and responded to their ligands. OSCC cells also expressed
inhibitory AR A2a and A2b, but not stimulatory A1 or
A3. TLR2-high cells upregulated A2a, but not A2b in
response to TLR2 ligands, while TLR4 failed to affect AR
expression in nearly all instances. TLR2 and AR activities
induced phosphorylation of ERK1/2 in OSCC cells. TLR2
stimuli in TLR2-high OSCC lead to c-FOS accumulation
followed by ERK-dependent proliferation and reduced
caspase-3 activity. Similar lack of caspase-3 activity
and ERK1/2-dependent proliferation of TLR2-high
OSCC was caused by combined TLR2 and AR stimuli.
The implications of these results are that persistence
of microorganisms and adenosine characteristic of the
OSCC tumor microenvironment may directly promote the
activation of oncogenic pathways in OSCC cells.

RESULTS
TLR2 and TLR4 stimuli activate the NF-kB
pathway in OSCC cells
We reported previously that OSCC cells express
TLR4 and CD14 and can produce cytokines and/or
chemokines in response to TLR4 stimuli, but primary or
telomerase-immortalized oral keratinocytes are relatively
unresponsive [14]. We also found that OSCC cell lines
were more likely to secrete NF-kB-driven factors in
response to TLR2/1 than TLR4 stimuli (not shown). RNA
analysis confirmed that in OSCC cells, TLR2/1 stimuli
activated the MyD88-IRAK2-NF-kB pathway and induced
NF-kB-dependent cytokines and chemokines, without a
similar effect on oral keratinocytes (Table 1). Interestingly,
baseline TLR2 mRNA expression in some OSCC cells
was higher than TLR4, TLR1, or TLR6 mRNA, similar
to positive control THP1 cells. OSCC cells UMSCC19
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Table 1: Distinct patterns of mRNA expression in human oral keratinocytes (KER), OSCC and DC stimulated via
TLR4 (LPS), TLR2/1 (P3CSK4), or TLR4+2/1
Genes

Cal27

hTERT HAK Clone 41

DC

TLR stimuli
TLR stimuli
TLR stimuli
TLR2/1
TLR4
TLR2/1+TLR4 TLR2/1 TLR4
TLR2/1+TLR4 TLR2/1+TLR4
MYD88
2.1
4.1
2.3
–1.9
–1.1
1.2
6.1
NFKB1
1.9
2.3
2.4
1.3
1.1
–4.5
157.6
NFKB2
–1.5
–1.1
–1.0
–2.4
–1.2
–5.2
16.4
NFKBIA
3.6
5.2
4.8
1.1
1.1
–6.8
65.8
NFKBIL1
–2.0
–1.1
–1.0
–1.2
1.3
3.2
5.0
NFRKB
–1.4
–1.3
–1.2
–1.4
1.2
1.4
2.9
TICAM2
–1.3
1.0
–1.2
–1.4
–1.3
1.1
21.9
TIRAP
–1.5
–1.3
–1.2
–1.2
1.3
1.6
3.3
TNF
4.9
10.1
6.9
1.0
–1.2
1.3
1341.8
CCL2
9.7
18.5
14.9
–1.1
1.1
–1.1
60.5
IL8
9.1
14.2
10.8
–1.2
1.2
1.3
1541.4
IL6
2.4
3.6
2.4
1.2
1.4
1.0
492580.5
IL1A
2.5
4.4
2.7
–1.1
1.1
–1.0
5752.6
IL1B
1.9
3.3
1.8
–1.1
1.1
1.0
39786.7
IRAK1
–2.0
–1.5
–1.4
–1.4
1.3
1.8
5.6
IRAK2
3.1
4.8
4.1
–1.2
1.1
1.4
340.1
Telomerase-immortalized oral keratinocytes hTERT HAK Clone 41 and SCC cells Cal27 were incubated for 4 hrs with or
without highly pure TLR4-specific E. coli LPS (300 U/ml) and/or TLR2-specific Pam3CysSerLys4 (P3CSK4, 300 ng/ml).
Similarly, DC were stimulated with TLR4+2/1 agonists (positive controls). Total RNA was purified using RNAqueous-4PCR
kit (Applied Biosystems) and evaluated for quantity and purity, followed by cDNA synthesis from 0.5 µg of each RNA
sample using the RT2 First Strand Kit (SABiosciences). Real-Time PCR using a three-step cycling protocol was performed
with the RT2 Profiler PCR Array Human Toll-Like Receptor Signaling Pathway system (SABiosciences) and the MJ Research
Opticon 2 thermocycler. The numbers represent fold change in expression relative to unstimulated cells. Selected genes
show effects on TLR signaling pathways (MyD88, IRAK2, TICAM, NFKB) and expression of inflammatory products and
chemokines regulated by NFKB (CCL2, IL-1b, IL-8).
and oral keratinocytes expressed more TLR4 mRNA than
TLR2, and UMSCC19 also expressed the highest TLR6
levels of all TLR analyzed (Supplementary Table 1).
These data indicate that TLR2 and TLR4 stimuli
activate the NF-kB pathway in malignant squamous
cells, similar to myeloid dendritic cells, and raise a
possibility that TLR activity in OSCC cells could affect
the expression of AR.

agonist Pam3CSK4 consistently stimulated A2a expression
in five out of six OSCC cell lines with high TLR2 levels,
but not in TLR2-low immortalized oral keratinocytes or in
UMSCC19 carcinoma cells. TLR4-specific LPS stimulated
A2a expression only in one out of six OSCC lines. A2b
expression in OSCC cells often decreased upon TLR2/1
stimulation, in contrast to that in control THP1 cells.
Together, these data indicate that in OSCC cells,
only inhibitory AR A2a and A2b have the potential to react
to adenosine; moreover, TLR2 is more likely than TLR4 to
modulate inhibitory AR expression.

Human OSCC cells do not express AR A1 or A3,
and TLR2 activation stimulates A2a expression
Further mRNA analysis showed that in contrast to
THP1 cells, keratinocytes and OSCC cells had no detectable
A1 or A3 mRNA (Supplementary Table 1). However, all
cells expressed A2a and A2b, while A2b levels were higher
than A2a at baseline. Control THP1 cells, as predicted,
upregulated A2a and A2b and downregulated A1 and A3
when stimulated via TLR2 or TLR4 (Table 2). TLR2/1
www.impactjournals.com/oncotarget

OSCC and dysplastic epithelial cells co-express
TLR2 and A2a in vivo
In order to verify the relevance of TLR2 and A2a
to SCC in vivo, we evaluated the expression of these
receptors in 17 archival specimens of human epithelial
dysplasia/OSCC. Figure 1 shows representative images of
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Table 2: TLR2/1 stimuli (A) induce upregulation of A2a in most OSCC cell lines, while TLR4 stimulus (B) fails to
induce A2a in most OSCC cells
(A) TLR2/1 stimulation (P3CSK4)
Cell lines

A1

A2a

THP1
keratinocytes
PCI13
Cal27
FaDu
SCC4
UMSCC1
UMSCC19

0.6 ± 0.8
none
none
none
none
none
none
none
Fold change relative to unstimulated cells, ± SD.
Bold = significant; *p < .05; **p <. 01; ***p < .001.

A2b

A3

151 ± 8.4

1.7 ± 0.04

1.2 ± 0.2
11 ± 0.8***
6.4 ± 0.7***
1.9 ± 0.1***
2.5 ± 0.2***
2.2 ± 0.2***

0.9 ± 0.1
0.6 ± 0.04***
0.75 ± 0.03***

1.3 ± 0.2

1 ± 0.02

***

***

0.9 ± 0.01
0.98 ± 0.01
0.9 ± 0.04***

0.8 ± 0.05*
none
none
none
none
none
none
none

(B) TLR4 stimulation (E. coli LPS)
Cell lines
THP1

A1

A2a

0.44 ± 0.25

*

A2b

169 ± 13.5

***

A3

1.7 ± 0.09

0.8 ± 0.03*

*

keratinocytes

none

1.0 ± 0.27

0.98 ± 0.07

none

PCI13

none

1.04 ± 0.18

1.04 ± 0.09

none

Cal27

none

1.32 ± 0.07

0.94 ± 0.07

none

FaDu

none

1.25 ± 0.09***

1.0 ± 0.02

none

SCC4

none

0.96 ± 0.14

0.93 ± 0.00

none

UMSCC1

none

0.97 ± 0.09

0.95 ± 0.02

none

UMSCC19

none

1.24 ± 0.21

0.94 ± 0.01

none

**

*

Fold change relative to unstimulated cells, ± SD.
Bold = significant; *p < .05; **p < .01; ***p < .001.
Monocytoid THP1 cells (positive control), keratinocytes hTERT HAK Clone 41, and six OSCC cell lines were stimulated
for four hours with P3CSK4 (TLR2/1) or E. coli LPS (TLR4), and AR mRNA expression was measured by qRT-PCR, as
described in Materials and Methods. Fold changes relative to unstimulated cells ± standard deviations (SD) are shown. SD
include: two separate stimulations and two PCR runs for each stimulation. Data from 2–5 experiments per cell line were
analyzed using ANOVA, including Tukey-Kramer test for multiple comparisons.
three samples from the tongue and the gingiva. TLR2 and
A2a were expressed in all samples, and often co-expressed
in the same squamous cells. Normal or hyperplastic
epithelium showed TLR2 and A2a staining in the basal
and parabasal cells (Figure 1A, panel “Hyperplasia”),
while TLR2- and A2a-positive squamous cells in epithelial
dysplasia (ED) and in OSCC were present throughout the
lesions. There was relatively little staining of neutrophils
present within the gingival sample (Figure 1C), and a
peripheral nerve was clearly A2a-positive (Figure 1B),
which provided a strong internal positive controls for
A2a. The levels of expression cannot be quantified
in IHC-stained sections, but the variation in staining
intensity within each sample is consistent with variation
in expression. Frequently, the less differentiated, smaller
www.impactjournals.com/oncotarget

cells stained more intensely than large, better differentiated
cells, which may be due either to a decrease in receptor
expression with cell differentiation, or to be a function of
receptor dilution because of larger cell volume.
Overall, these results indicate that the expression
and functions of TLR2 and A2a in squamous epithelium
may be linked and are likely to be relevant throughout oral
squamous carcinogenesis.

TLR2 stimuli activate MAPK ERK1/2 and lead
to early c-FOS accumulation in TLR2-high
OSCC
TLR2 and A2a each activate ERK1/2 in immune
system cells [11, 12, 23], and TLR2 was shown to trigger
6817
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ERK1/2 phosphorylation in murine gut (non-squamous)
epithelium [18]. In squamous epithelial cells these MAPKs
are is activated via the epidermal growth factor receptor
(EGFR), but the roles of TLR2 and AR signaling have not
been determined. For further analysis, we selected two TLR2high/responsive OSCC lines PCI13 and Cal27 and the TLR2low/unresponsive UMSCC19 cells and keratinocytes.
Representative results are shown in Figure 2. In
positive control THP1 cells, ERK1/2 activation was
induced through TLR2/1 and more so through TLR2/6,
with or without AR agonists. As expected, EGF activated
ERK1/2 in all epithelial cells, but not in THP1 cells.
Consistent with our hypothesis, TLR2-high OSCC cells
PCI13 and Cal27 showed ERK1/2 phosphorylation
(mostly, ERK2) when stimulated through TLR2/1 or
TLR2/6. Similarly, non-selective AR agonist NECA and
A2a-selective CGS induced pERK1/2 to varying degrees
in PCI13 and Cal27 cells. Combined TLR2 and AR
stimulation usually resulted in more ERK phosphorylation
than AR stimuli alone. In contrast, TLR2 agonists
induced little if any pERK1/2 in TLR2-low keratinocytes
and UMSCC19. Some AR-induced ERK1/2 activity
was detectable in UMSCC19 cells. The A2a-selective
antagonist ZM 241385 abrogated ERK1/2 activation
induced by CGS or NECA (not shown), suggesting that
A2a was probably the primary signaling AR.
The effects of activated ERK1/2 vary from induction
of apoptosis or senescence to proliferation [11, 12, 23, 30–
32]. The rapid accumulation of c-FOS minutes following

phosphorylation of ERK1/2 reportedly supports cell
proliferation [32, 33]. Interestingly, c-FOS was detected
within 30 minutes of TLR2 stimuli in TLR2-high OSCC,
with kinetics similar to EGFR-induced c-FOS accumulation
(Figure 3). TLR2-low keratinocytes and UMSCC19 cells
showed weaker and slower c-FOS kinetics in response to
TLR2 signals (1 and 2 hrs, respectively). No c-FOS was
detected in any OSCC cells at 24 or 48 hrs with either TLR2
or EGFR activity (not shown). Time points between two
and 24 hours were not evaluated. These results suggest that
in TLR2-high OSCC cells, TLR2-induced ERK1/2 activity
could potentially lead to cell proliferation, which was tested
as described below.

OSCC cells proliferate in response to TLR2 ± AR
stimuli, which depends upon ERK1/2 activation
The effects of TLR2 stimuli on cell proliferation
were quantified by measuring the expression of Ki-67
(Table 3), a specific and sensitive marker of cycling cells
[34], and followed-up with the BrdU assay (Figure 4A).
EGF stimulated the expression of Ki-67 mRNA in
keratinocytes, PCI13 and Cal27 cells. By 24 hrs, all four
cell lines upregulated Ki-67 in response to TLR2 stimuli,
more pronounced in TLR2-high PCI13 and Cal27,
suggesting that entry into the cell cycle may be triggered
even in OSCC cells with relatively low TLR2 expression.
To test A2a and A2b AR activity, both of which are
inhibitory, but the relative levels of which can change with

Figure 1: TLR2 and A2a are expressed together in oral ED and SCC cells. Examples of SCC, two from the tongue (A, B)

and one from the gingiva (C). Serial (back-to-back) sections of archival paraffin-embedded human samples were processed and stained
by IHC as described in Materials and Methods. The TLR2-positive and A2a-positive cells are stained brown and nuclei are blue. Note
similar expression of TLR2 and A2a throughout the dysplastic epithelium and SCC. An internal control, nerve fibers, are A2a-positive and
TLR2-negative (B, Lower row, arrows). For negative controls (top panels), primary TLR2- and A2a-specific antibodies were replaced with
species-, isotype- and concentration-matched nonspecific antibodies.
www.impactjournals.com/oncotarget
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Figure 2: TLR2/1, TLR2/6 and A2a stimulate MAPK ERK1/2 phosphorylation in OSCC cells. OSCC cells Cal27, PCI13

and UMSCC19, keratinocytes hTERT HAK Clone 41, and monocytoid THP1 cells were incubated × 15 min with EGF, TLR2/1 ligand
Pam3CSK4, TLR2/6 ligand FSL-1, A2a-selective agonist CGS21689, non-selective AR agonist NECA, as detailed in Materials and
Methods. The A2a-selective antagonist ZM 241385 was added in some experiments four hours prior to other stimuli. Protein was analyzed
as described in Materials and Methods. Briefly, samples were separated by SDS-PAGE electrophoresis, transferred to nitrocellulose
membrane, and probed for pERK1/2, total ERK1/2, and GAPDH. Charts are representative of the blots shown. Data represent up to 4
independent experiments for each cell line.
www.impactjournals.com/oncotarget
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TLR stimulation, we employed AR-nonselective agonist
NECA. NECA alone or combined with TLR2 stimulation
induced Ki-67 expression without a significant impact on
keratinocytes or UMSCC19 cells (Table 3). Moreover,
TLR2-high, but not TLR2-low cells, increased DNA
synthesis in response to TLR2 activity, which returned
to baseline in the presence of ERK inhibitor (Figure 4A
and Supplementary Figure 1). Interestingly, proliferation

responses as measured by Ki-67 and BrdU were very
similar, whether TLR2 stimuli were provided alone or
in combination with AR agonists. While NECA alone
stimulated Ki67 expression, it did not significantly impact
DNA synthesis at 24 hrs. Together, these results support
the conclusion that TLR2 with or without AR engagement
can stimulate OSCC cell proliferation in TLR2-high cells,
at least in part, via the MAPK ERK1/2 pathway, and that

Figure 3: Kinetics of c-FOS accumulation in response to TLR2 stimuli (A) and EGF (B). OSCC cells Cal27, PCI13 and UMSCC19 and

keratinocytes hTERT HAK Clone 41 were incubated with Pam3CSK4 and FSL-1 or with EGF for up to 48 hrs. Protein was collected at
indicated time points and analyzed as described in Materials and Methods. Briefly, samples were separated by SDS-PAGE electrophoresis,
transferred to nitrocellulose membrane, and probed for c-FOS and GAPDH. Mean relative densitometry values from two independent
experiments, normalized to controls, are represented in the lower panel. Error bars = standard error.
www.impactjournals.com/oncotarget
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Table 3: TLR2 and/or AR stimuli induce Ki-67 mRNA expression in OSCC cells by 24 hrs
stimuli
none
TLR2/1+2/6
AR
TLR2/1+2/6+AR
EGF

KER
1.00 ± 0.02
1.15 ± 0.03*
1.08 ± 0.07
0.94 ± 0.08
1.52 ± 0.04****

PCI13
1.00 ± 0.03
3.02 ± 0.63***
2.03 ± 0.35*
1.49 ± 0.27*
3.14 ± 0.78***

CAL27
1.00 ± 0.05
1.52 ± 0.04****
1.45 ± 0.003****
2.11 ± 0.05****
1.42 ± 0.05****

UMSCC19
1.00 ± 0.02
1.11 ± 0.02**
1.03 ± 0.04
1.01 ± 0.04
0.70 ± 0.02**

Fold change relative to unstimulated cells, ± SD.
Bold = significant; *p < .05; **p < .01; ***p < .001; ****p < .0001.
OSCC cells Cal27, PCI13 and UMSCC19, and keratinocytes hTERT HAK Clone 41 were incubated for 2, 4, and 24 hrs with
EGF, or with one or more of the TLR2/1, 2/6 ligands and AR agonist NECA, as indicated in Materials and Methods. Cellular
mRNA was evaluated for Ki-67 and GAPDH expression by qRT-PCR, in triplicate. Fold changes relative to unstimulated
cells ± SD are shown. Data were analyzed using one way ANOVA, including Tukey-Kramer test for multiple comparisons.
TLR2 signaling dominates responses to combined TLR2AR stimuli.

activation, can directly stimulate proliferation of TLR2high malignant oral squamous cells via the pro-oncogenic
MAPK ERK1/2 pathway, as well as promote survival of
these cells, thus potentially allowing some level of tumor
cell autonomy from inflammatory cells in the context of
microbial colonization and inflammation.
The functional TLR2 expression in head and neck
SCC has been shown in other studies. An important
observation was made by Farnebo et al, who reported
that blocking TLR2 inhibited SCC growth in a xenograft
immunodeficient mouse model [21], suggesting that
TLR2 may stimulate squamous carcinoma growth.
Our results are in agreement and indicate that SCC cell
growth is inducible via the ERK1/2 pathway in cells
with high TLR2 expression, i.e. in cells that have more
TLR2 than TLR4 (Supplementary Table 1). Both TLR2/1
and TLR2/6 ligands activated ERK1/2, though higher
TLR6 expression than TLR1 may have contributed to
the stronger effect of the TLR2/6 ligand FSL-1 than the
TLR2/1 ligand Pam3CysSerLys2. In this regard it is of
interest that, TLR2/6 is also activated by a host matrix
protein versican [36], the expression of which predicts
progression and poor prognosis in oral cancer [37, 38].
Which microorganisms contribute to OSCC development
and growth is unresolved, although recent studies suggest
a reduction in diversity of commensal species with an
increase in Gpos Streptococcus Mitis, Gneg Prevotella
melaninogenica, and Gneg Capnocytophaga at OSCC
sites [8, 9]. Other studies have suggested a possible role
for opportunistic periodontal pathogens Porphyromonas
gingivalis and Fusobacterium nucleatum [39, 40], which
can activate multiple TLR, including TLR2.
The cancer microenvironment contains both TLR
ligands and adenosine. Moreover, TLR2 and AR functions
in immune system cells are linked, including their ability
to activate MAPK ERK1/2. Immune cell TLR2 stimulates
the expression of inhibitory A2a and A2b, such that
adenosine binding suppresses excessive toxic type I
inflammation associated with TNF-alpha production,

TLR2 signaling does not stimulate caspase-3
activity in TLR2-high OSCC cells
We also addressed the possibility that ERK
activation may induce apoptosis of SCC cells.
Procaspase-3 is cleaved to produce active caspase-3, which
is critical for the apoptotic cascade [35]. Notably, EGFR
stimulation significantly suppressed active caspase-3
in PCI13 cells, but in Cal27 and UMSCC19 cells these
levels increased. The most important observation was that
in TLR2-high cells, TLR2 with or without AR ligation
either decreased caspase-3 activity, or did not increase it
(Figure 4B). The role of ERK1/2 in these outcomes was
not clear, because the effect of ERK inhibitor varied.
Overall, the data support the interpretation that in TLR2high OSCC cells, TLR2 with or without AR stimuli did not
induce apoptotic cell death, and may have been protective.
Together with Ki67 and BrdU data, these results indicate
that TLR2-high OSCC cells can receive growth-promoting
signals through the TLR2-induced ERK1/2 pathway while
maintaining viability. A summary of the TLR2-mediated
effects in keratinocytes and OSCC cells is provided in
Table 4.

DISCUSSION
Our study adds important insights to the increasing
body of literature that identifies a unique role for TLR2 in
inflammation and cancer. These observations are important
for the understanding of OSCC biology, because these
cancers are raised in a microenvironment rich in products
of microorganisms and inflammation. We hypothesized
that the activation of TLR2 in OSCC cells is similar to that
in immune system cells, including the growth and survivalpromoting ERK1/2 activity and the interactions with AR.
A key finding is that TLR2, with or without inhibitory AR
www.impactjournals.com/oncotarget
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Figure 4: TLR2-high OSCC cells proliferate in response to TLR2 stimuli in an ERK1/2-dependent manner (A) without activating

caspase-3 (B). Functional experiments were performed as described in Materials and Methods. Briefly, after titrating ERK inhibitor U0126
(Supplementary Figure 1), cells were incubated with and without TLR2/1+TLR2/6 stimuli (Pam3CysSerLys 3 and FSL-1), AR ligand
NECA, or both, in the presence of absence of 1 µM U0126. (A) BrdU incorporation measured at 24 hrs as described in Materials and
Methods. Values represent mean relative values normalized to unstimulated cells, two independent experiments, each in quadruplicate the
four cell lines, and standard deviations. (B) Caspase-3 activity was measured as described in Materials and Methods. Charts show caspase
activity normalized to that in unstimulated cells from two experiments, in triplicate or quadruplicate for each cell line. (A and B): Error bars
= Standard deviations. Statistical significance of differences between groups was assessed by one-way ANOVA, including Tukey-Kramer
post-tests for multiple comparisons.
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Table 4: Summary of TLR2 expression levels and TLR2-mediated effects on squamous cells tested in this study
TLR2 baseline level
Upregulation of A2a
Downregulation of A2b
Expression of A1 and A3
ERK1/2 activation
cFOS at 30’
Increase in Ki67
ERK1/2-dependent increase
in BrdU incorporation
caspase-3 activity

KER

PCI13

CAL27

UMSCC19

FaDu

SCC4

UMSCC1

low
no
no
none
no
no
yes (min)**

high
yes
yes
none
yes
yes
yes

high
yes
yes
none
yes
yes
yes

low
no
no
none
no
no
yes (min)**

high
yes
no
none
ND
ND
ND

high
yes
no
none
ND
ND
ND

high
yes
yes
none
ND
ND
ND

no

yes

yes

no

ND

ND

ND

no change

ND

ND

ND

increase?*

decrease decrease

Not statistically significant; min = minimal. ND = not done.

*

**

while promoting wound-healing mechanisms [23, 41].
Our study shows that TLR2 effects on AR expression
in OSCC cells only partially replicate those in immune
cells. Remarkably, keratinocytes and OSCC cells had
only inhibitory A2a and A2b receptors, but no detectable
stimulatory A1 or A3, and TLR2 stimulated the expression
of A2a, while A2b expression sometimes decreased.
The expression of inhibitory AR in keratinocytes
may be important for normal surface barrier function,
because activated keratinocytes can produce TNF-alpha
that may compromise the barrier [9], and it is interesting
that OSCC cells retain this A1- and A3-negative
phenotype. Similar to immune cells, both nonselective
AR agonist and A2a-specific agonist induced ERK
phosphorylation in OSCC cells. Additional experiments
with A2a antagonist ZM 241385 suppressed ERK
activation and suggested that A2a in the absence of TLR
stimulation was probably the dominant of the two AR,
at least in the normoxic conditions we used. Given that
both OSCC AR are inhibitory, and that their expression
is subject to change with TLR stimulation, further
dissecting specific A2b contributions in OSCC cells may
be of limited value. However, because hypoxic conditions
in established cancer microenvironments can result in
high adenosine concentrations, A2b signaling could be
important [23, 25].
AR functions in malignant epithelial cells are
still sketchy. In contrast to our results with squamous
cells, non-squamous (adenocarcinoma) cell lines of the
stomach [42] and colon [43] were reported to express A1
and A3 and underwent apoptosis induced via A1, while
agonist-mediated A3 activation was shown to cause cell
cycle arrest and apoptosis in adenocarcinoma cell lines
from the lung [44] and liver [45]. Apoptosis of colon
adenocarcinoma cells Caco-2 [41] and hepatocellular
carcinoma cells HepG2 [42] was reportedly induced via
A2a AR, and activated A2b was found to induce apoptosis
in a p73-dependent manor in transfected cancer cells
www.impactjournals.com/oncotarget

[43]. These studies did not address combined TLR/AR
signaling.
A major source of adenosine at sites of inflammation
and in the cancer microenvironment, including head
and neck SCC [22], is extracellular ATP released from
stressed or dying cells [23–25]. Whether microorganisms
that colonize OSCC also release ATP in the tumors is not
known. ATP is sequentially dephosphorylated to AMP by
cell-surface enzyme CD39 (ecto-nucleoside triphosphate
diphosphohydrolase 1, E-NTPDase1), followed by AMP
de-phosphorylation to adenosine by CD73 (ecto-5’nucleotidase, Ecto5’NTase) [23]. Our previous studies
showed that OSCC cells selectively suppressed the
production of TNF-alpha by lipopolysaccharide-stimulated
monocytes in vitro [14], consistent with adenosinemediated activity. Moreover, similar to monocytes, OSCC
cells express both CD39 and CD73 (data not shown).
Although adenosine is relatively unstable because of
the enzyme adenosine deaminase, it turns out that the
degradation product inosine, a much more stable molecule,
is also an A2a agonist [46, 47].
Analysis of the downstream effects of TLR2-induced
ERK1/2 activation is important because of the wide range
of potential outcomes from apoptosis to survival, from
differentiation and senescence to proliferation, and other
effects [31–33, 48]. ERK1/2-mediated stabilization of the
AP-1 component c-FOS is associated with cell survival
and proliferation [31, 32, 49, 50]. We detected c-FOS in
TLR2-high OSCC cells minutes after TLR2 stimulation,
and its changing electrophoretic mobility was consistent
with c-FOS phosphorylation [33, 51–53]. We showed that
c-FOS was stabilized for no less than 90 minutes in TLR2responsive OSCC, which was comparable to the EGFinduced c-FOS activity. Therefore, cell proliferation was
the predicted outcome, which was confirmed using Ki-67
analysis [34] and the BrdU assay. We saw increases both
in Ki-67 mRNA and BrdU incorporation in response to
TLR2 stimuli with or without AR agonists, similar to EGF
6823
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effects, strongly correlating with the pERK1/2 and c-FOS
data. On the other hand, AR stimulation alone induced
Ki-67, without significant BrdU incorporation at 24 hrs,
which could be due to differences in assay targets: Ki-67
is more sensitive, because it is expressed throughout the
entire cell cycle, while BrdU is only incorporated during
the S phase, so more cycling cells are detectable when Ki67 is measured vs. BrdU at 24 hrs [54].
In distinction from TLR2-mediated effects,
independent AR stimuli induced pERK and in some
cases caspase-3 activity increased. It is interesting that
besides inducing apoptosis, caspase-3 activity may trigger
a so-called bystander PGE2-mediated proliferation of
neighboring cells [55, 56], which would be important
to investigate in OSCC. Yet, the outcomes of combined
TLR2+AR signals were clearly dominated by TLR2
activity and resulted in similar cell proliferation and lack
of caspase-3 activation to those in response to TLR2 only
signals. Based upon the similar expression of TLR2 and
AR A2a in many malignant cells of OSCC samples, coexpression of the two receptors is probably common,
though may be limited to a subset of tumor cells. One
possibility is that the levels of TLR and AR expression
and the outcomes of their signaling could vary with the
level of cell differentiation. Overall, our data suggest that
TLR2-high cells co-expressing inhibitory AR would likely
be stimulated to proliferate and resist apoptosis.
An important pathway activated through TLR2 in
many cells, including OSCC, is NF-kB. Moreover, there
are indirect effects of NF-kB activity, whereby induced
soluble factors may act on their own receptors in an
autocrine manner, and time points beyond 24 hrs could
help reveal the indirect effects. For example, some OSCC
produce IL-6 in response to TLR stimuli, which activates
IL-6 receptors in OSCC cells, leading to STAT3 activation
[14] with an important cytoprotective effect. Besides
other pro-cancer properties, activated STAT3 was shown
to stimulate the expression of TLR2 in gastric carcinoma
cells [19]. If a similar mechanism is true in OSCC cells,
TLR2 impact on carcinoma cells could be amplified.
Further studies are needed to evaluate this possibility.
We conclude that in the tumor microenvironment,
products that stimulate TLR2 and inhibitory AR may
contribute to OSCC progression in part by directly
activating the MAPK ERK1/2 pathway in malignant cells.

gel and i-blot membranes were purchased from Life
Technologies (Grand Island, NY). Tween-20 and dimethyl
sulfoxide (DMSO) were obtained from Fisher Scientific
(Pittsburgh, PA). Pam3CysSerLys4 (TLR1/2-specific
synthetic triacylated lipoprotein) and FSL-1 (TLR2/6specific Mycoplasma salivarium-derived synthetic
diacylated lipoprotein) were purchased from Invivogen
(San Diego, CA, USA). Highly-pure lipopolysaccharide
(LPS) of Escherichia coli was purchased from SigmaAldrich (St. Louis, MO). Adenosine receptor agonists
CGS 21689 hydrochloride (A2a-selective) and NECA
(non-selective), as well as adenosine receptor A2aselective antagonist ZM 241385 were purchased from
Tocris Biosciences (Bristol, UK). Cell lysis buffer and
phenylmethylsulfonyl fluoride (PMSF) were purchased
from Cell Signaling Technology (Boston, MA, USA).
Dulbecco’s Modified Eagle Medium (DMEM), nutrient
mixture F-12, Keratinocyte Serum Free Medium
(KSFM) with supplements and EGF were purchased from
Invitrogen (Carlsbad, CA).
Primary mouse monoclonal antibodies (Ab) against
phospho-p44/p42 ERK1/2 (Thr 202/Tyr 204), rabbit polyclonal
Ab against total p44/p42 ERK 1/2, and rabbit monoclonal Ab
against c-FOS were purchased from Cell Signaling Technology
(Danvers, MA). Rabbit polyclonal Ab against adenosine
receptors A2a (ADORA2A) and A3 (ADORA3) were
purchased from AVIVA Systems Biology (San Diego, CA).
Mouse monoclonal Ab against Glyceraldehyde-3-Phosphate
Dehydrogenase (GAPDH) was received from Meridian Life
Science, Inc. (Memphis, TN). The goat-anti-rabbit (GAR)
poly-horseradish peroxidase (HRP) secondary antibody was
purchased from Thermo Scientific, and goat anti-mouse
(GAM) IgG-HRP-conjugated secondary Ab was obtained
from Bio-Rad (Hercules, CA, USA).
The following RT-PCR primers were purchased from
Life Technologies: Hs00413978_m1 (TLR1), Hs01872448_
s1 (TLR2), Hs00152939_m1 (TLR4), Hs01039989_s1
(TLR6), Hs00181231_m1 (AR A1), Hs00169123_m1 (AR
A2a), Hs00386497_m1 (AR A2b), Hs00252933_m1 (AR
A3), Hs9999905_m1 (GAPDH), Hs01032443_m1 (Ki-67),
Hs00174103_m1 (IL-8). Additional reagents are described
with the methods.

Cells
Head and neck (oral) squamous carcinoma cell
lines used were Cal-27 (tongue), FaDu (pharynx)
and SCC4 (tongue) (ATCC, Rockville, MD, USA),
UMSCC1 (floor of mouth) and UMSCC19 (tongue)
(Dr. T. Carey, U. Michigan, Ann Arbor, MI, USA); and
PCI13 (oral cavity) (a gift from Dr. T. Whiteside, U.
Pittsburg, Pittsburg, PA). The carcinoma cells were
cultured in DMEM/Ham’s F-12 (50/50) with 10% heatinactivated FBS. Telomerase-immortalized tonsillar
keratinocytes hTERT HAK Clone 41 (a gift from Dr.
A. Klingelhutz and Dr. J. Lee, U. Iowa, Iowa City, IA,

MATERIALS AND METHODS
Reagents and antibodies
Phosphatase inhibitor and bovine serum albumin
(BSA) fraction V (protease free) were purchased from
Roche Diagnostics (Indianapolis, IN). Bicinchoninic acid
(BCA) assay kit, Chemiluminescent Substrate kit, fetal
bovine serum (FBS), PBS, and HBSS were obtained from
Thermo Scientific (Rockford, IL). Bis-Tris Plus gradient
www.impactjournals.com/oncotarget
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USA [57]) were cultured in KSFM with 0.2 ng/ml
epidermal growth factor (EGF) and 30 µg/ml bovine
pituitary extract. Our previous studies showed that these
telomerase-immortalized keratinocytes (previously labeled
‘tertAd7cl41’) were functionally similar to primary oral
keratinocytes [14]. Monocytoid leukemia cell line THP-1
(ATCC) was cultured in DMEM with 20% heat-inactivated
FBS. All cell lines were maintained at 37°C with 7%
CO2 in a humidified incubator and tested negative for
mycoplasma, using the Universal Mycoplasma Detection
Kit (ATCC). Human monocyte-derived dendritic cells
(DC) were produced as described previously under a
protocol approved by the NYU University Committee on
Activities Involving Human Subjects [58].

activate the Platinum® Taq DNA polymerase enzyme,
followed by 40 cycles of 95°C for 15 seconds and 60°C
for 20 seconds. The relative expression of the gene of
interest was determined using the housekeeping gene
GAPDH. In each run, samples were tested in duplicate or
triplicate, and repeated as indicated in the Results.

Western blotting
Western blotting was performed as previously
described [14] with modifications. Briefly, the cells
were washed twice with cold PBS, harvested in cell
lysis buffer (Cell Signaling Technologies) with protease
and phosphatase inhibitors, and incubated for 20’ on
ice. After centrifugation at 13,000 rpm × 10’ at 4°C,
supernatants were aliquotted and stored at –80°C. Based
upon the BCA assay (Thermo Scientific), 20–25 µg of
protein from each sample in LDS loading buffer with
reducing agent (Life Technologies) was denatured at
70°C × 10’, separated by electrophoresis using 10%
Bis-Tris Plus gels (Life Technologies) and transferred to
a nitrocellulose membrane using the iBlot Dry Transfer
System (Life Technologies). Membranes were blocked
in 1X PBS/Tween-20 (PBST) with 5% milk × 2 hrs at
room temperature, then incubated overnight at 4°C with
primary antibodies at 1 µg/ml in 1X PBST, washed and
incubated for 2 hrs with GAR-HRP or GAM-HRP at
room temperature. Protein bands were visualized using
Chemiluminescent Substrate kit (Thermo Scientific)
and the ChemiDoc MP imaging system (Bio-Rad).
After probing for pERK1/2, membranes were incubated
with stripping buffer (Thermo Scientific) and re-probed
with anti-ERK1/2, anti-c-FOS, or anti-GAPDH primary
Abs, as indicated, followed by appropriate secondary
HRP-conjugated Abs and substrate. Band intensity of
phosphorylated proteins was normalized as indicated in
Results using Image Lab software and GIMP software
(Bio-Rad). Data are representative of 2–5 experiments for
each cell line, with duplicates in each experiment.

Experimental set-up
For all in vitro experiments, carcinoma cells
and keratinocytes were plated in their normal growth
media at 5 × 105/well in 6-well plates for attachment
and equilibration ~12 hrs prior to the experiment. The
cells were washed with HBSS 30 minutes before the
experiment, then treated with the indicated stimuli in
DMEM/F12 + 10% FBS for specified time periods (see
“Results”) at 37°C with 7% CO2 in a humidified chamber.
THP1 cells were stimulated in their own growth medium.
Reagents used in experiments included one or more
stimuli, as indicated: EGF (50 ng/ml; Invitrogen), TLR2/1specific Pam3CysSerLys4 (1000 ng/ml), TLR4-specific
LPS (1000 U/ml), TLR2/6-specific FSL-1 (50 ng/ml), nonselective AR agonist NECA (1 µM), A2A-specific agonist
CGS 21689 (1 µM), and A2a-specific antagonist ZM
241385 (1 µM). AR reagents were in DMSO, therefore
negative controls were prepared with and without DMSO.
For kinetics studies, cell lysates were collected at several
time points: 0’, 15’, 30’, 1 hr, 2 hrs, 4 hrs, 24 hrs and
48 hrs. Cellular products and supernatants were collected
for various analyses, including mRNA (qRT-PCR or
microarrays), protein expression and signaling (Western
blotting), and cytokine production (ELISA).

Human specimens & immunohistochemistry
(IHC)

Quantitative real-time polymerase chain reaction
(qRT-PCR)

The use of archival specimens, protocol #964456,
was approved by the AU IRB. The sections from 17
randomly selected OSCC cases of the tongue (n = 10) and
gingivae (n = 7) were reviewed by Board-certified oral
and maxillofacial pathologist (ZBK) to verify uniform
application of diagnostic criteria. Standard single-color
IHC was performed as described previously [14, 59].
Briefly, 4 µm sections of formalin-fixed, paraffinembedded archival tissue were deparaffinized and
rehydrated by standard pathology laboratory methods.
Heat-induced epitope retrieval was performed in a 97°C
water bath for 20’ in citrate buffer, pH 6.0 (Thermo
Scientific) and the sections were re-equilibrated in PBS.

Total RNA was purified using RNeasy Plus Mini
Kit, according to manufacturer instructions (Qiagen;
Valencia, CA), and stored at –80°C. Analysis by qRTPCR for TLR1, TLR2, TLR4, TLR6, A1, A2A, A2B, A3,
Ki-67 and GAPDH mRNA expression was performed
using Assays-On-Demand Gene Expression Products
and the StepOnePlus real time RT-PCR system (Applied
Biosystems; Life Technologies) using Express OneStep Superscript qRT-PCR Universal kit (Invitrogen)
and manufacturer’s instructions. Briefly, cDNA was
synthesized at 50°C for 15 minutes using 25 ng of RNA
and subsequently amplified at 95°C for 20 seconds to
www.impactjournals.com/oncotarget
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Endogenous peroxidase and non-specific antibody binding
were blocked (Ultra-V block and Hydrogen Peroxide,
LP Value kit, Thermo Fisher), and then sections were
incubated at 4°C overnight with 2 µg/ml polyclonal rabbit
Ab anti-TLR2 (#2229, Cell Signaling Technology) or
anti-A2a (AVIVA Systems Biology). Negative controls
included non-specific polyclonal rabbit Ab at 2 µg/ml
(Abcam, Cambidge MA, USA). Primary Ab binding
was detected using Enhancer, HRP-Polymer, and
diaminobenzidine tetrahydrochloride (DAB) substrate,
all according to the manufacturer’s instructions (Thermo
Fisher). All incubations, except the non-specific protein
binding block, were separated by washing with PBS.
Coverslips were applied with aqueous mounting medium
(Thermo Fisher) and photomicrographs were obtained
(Olympus Corp., Tokyo, Japan).

390/510 nm. Relative caspase-3 activity values of
stimulated vs. untreated cells were calculated.

Statistical analysis
Statistical significance of differences between
groups was assessed by one-way ANOVA, including
Tukey-Kramer post-tests for multiple comparisons.
All analyses were performed using the Prism software
(GraphPad, San Diego, CA, USA). Probability values
(P) of <0.05 were considered indicative of significant
differences between data sets.

Abbreviations
ADP: adenosine diphosphate; AFC: amido-4trifluoromethylcoumarin; AMP: adenosine monophosphate;
ANOVA: analysis of variance; AP-1: activator protein-1;
AR: adenosine receptor; ATP: adenosine triphosphate; BCA:
bicinchonionic acid; BrdU: bromodeoxyuridine; BSA:
bovine serum albumin; CCL2: C-C motif chemokine ligand
2; CD: cluster of differentiation; DAB: diaminobezidine;
DC: dendritic cell; DMEM: Dulbecco’s Modified Eagle
Medium; DMSO: dimethyl sulfoxide; E-NTPDase1:
ecto-nucleoside triphosphate diphosphohydrolase 1;
Ecto5’NTase: ecto-5′-nucleotidase; ED: epithelial dysplasia;
EGF: epidermal growth factor; EGFR: epidermal growth
factor receptor; ERK: extracellular signal regulated kinase;
FBS: fetal bovine serum; Gpos: Gram-positive; Gneg: Gramnegative; GAM: goat-anti-mouse; GAPDH: glyceraldehyde
3-phosphate dehydrogenase; GAR: goat-anti-rabbit;
HBSS: Hanks balanced salt solution; HRP: horseradish
peroxidase; Hrs: hours; IRAK: IL-1 receptor-associated
kinase; KSFM: Keratinocyte Serum-Free medium; LPS:
lipopolysaccharide; MAPK: mitogen-activated protein
kinase; MyD88: myeloid differentiation primary response
gene 88; NECA: 5′-N-Ethylcarboxamidoadenosine;
NF-kB: nuclear factor kappa-light-chain-enhancer of
activated B cells; OSCC: oral squamous cell carcinoma;
PBS: phosphate buffered saline; PBST: phosphate
buffered saline/Tween 20; PGE2: prostaglandin E2; PMSF:
phenylmethylsulfonyl fluoride; qRT-PCR: quantitative realtime polymerase chain reaction; STAT: signal transducer
and activator of transcription; TLR: toll-like receptor; TMB:
3,3′,5,5′-Tetramethylbenzidine; TNF: tumor necrosis factor;
VEGF: vascular endothelial growth factor. ND: not done;
SD: standard deviation.

BrdU incorporation assay
Cells were seeded at 1000 cells/well in 96 well plate
and allowed to attach and equilibrate. The following day
cells were pre-treated with 1 µM ERK inhibitor U0126 for
30’ as indicated, then incubated for 72 hrs with or without
the indicated stimuli, as described in Experimental Setup. Cell proliferation was measured using the BrdU Cell
Proliferation Assay kit (Cell Signaling Technologies)
and performed after incubation with BrdU for 24 hrs
according to the manufacturer’s instructions. Briefly, after
fixing/denaturing the DNA, mouse monoclonal anti-BrdU
Ab was added to the plates for 30’ at room temperature,
followed by washing and incubating with HRP-labeled
secondary Ab for 30’. Washed plates were then developed
with 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate.
Absorbance at 450 nm was measured using the Epoch
Microplate Spectrophotometer (BioTek Instruments
Inc., Winooski, VT, USA). Relative values of treated vs
untreated cells were calculated.

Caspase-3 activity assay
Cells were plated at 150,000 cells/well in 6-well
plates. After attachment and equilibration, cells were
treated, as indicated, with ERK inhibitor U0126 for 30’,
then incubated for 24 hrs with or without the indicated
stimuli as described in the Experimental Set-up. Cells
were harvested and caspase-3 activity was measured
using the fluorogenic substrate N-Acetyl-Asp-Glu-ValAsp-7-amido-4-trifluoromethylcoumarin (Ac-DEVDAFC, Sigma-Aldrich). After harvesting, cells were
lysed in 10 mM Tris-HCl, 10 mM NaH2PO4/NaHPO4
(pH 7.5), 130 mM NaCl, 1% Triton-X-100, and 10 mM
Na4P2O7 and then incubated with 20 mM Hepes (pH
7.5), 10% glycerol, 2 mM DTT, and 25 μg/ml Ac-DEVDAMC at 37°C for 2 h. The release of AFC was analyzed
by the BioTek Synergy H1 Microplate Reader (BioTek
Instruments Inc.) using excitation/emission wavelengths
www.impactjournals.com/oncotarget

Human cell lines
Cal27: tongue squamous cell carcinoma, ATCC;
FaDu: pharynx squamous cell carcinoma, ATCC; SCC4:
tongue squamous cell carcinoma, ATCC; UMSCC1:
floor of mouth squamous cell carcinoma (University of
Michigan, USA); UMSCC19: tongue squamous cell
carcinoma (University of Michigan, USA); PCI13: oral
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squamous cell carcinoma (University of Pittsburg, USA);
THP1: monocytoid leukemia (ATCC); hTERT HAK Clone
41: telomerase-immortalized tonsillar keratinocytes (Dr.
A. Klingelhutz, The University of Iowa, USA).

the literature. Head Neck. 2009; 31:1228–39. https://doi.
org/10.1002/hed.21140.
6.

Pushalkar S, Ji X, Li Y, Estilo C, Yegnanarayana R, Singh B,
Li X, Saxena D. Comparison of oral microbiota in tumor
and non-tumor tissues of patients with oral squamous cell
carcinoma. BMC Microbiol. 2012; 12:144. https://doi.
org/10.1186/1471-2180-12-144.

7.

Pushalkar S, Mane SP, Ji X, Li Y, Evans C, Crasta OR,
Morse D, Meagher R, Singh A, Saxena D. Microbial
diversity in saliva of oral squamous cell carcinoma. FEMS
Immunol Med Microbiol. 2011; 61:269–77. https://doi.
org/10.1111/j.1574-695X.2010.00773.x.

8.

Schmidt BL, Kuczynski J, Bhattacharya A, Huey B, Corby
PM, Queiroz EL, Nightingale K, Kerr AR, DeLacure MD,
Veeramachaneni R, Olshen AB, Albertson DG, Muy-Teck T.
Changes in abundance of oral microbiota associated with oral
cancer. PLoS One. 2014; 9:e98741. https://doi.org/10.1371/
journal.pone.0098741.

9.

Wang H, Funchain P, Bebek G, Altemus J, Zhang H, Niazi F,
Peterson C, Lee WT, Burkey BB, Eng C. Microbiomic
differences in tumor and paired-normal tissue in head and
neck squamous cell carcinomas. Genome Med. 2017; 9:14.
https://doi.org/10.1186/s13073-017-0405-5.

Author contributions
Palani C: most of the experimental work, data
analysis, writing; Ramanathapuram L: experimental work,
statistical analysis, writing; Lam-ubol A: experimental
design and experimental work, writing; Kurago ZB (PI,
corresponding author): experimental design, experimental
work, IRB protocol, data analysis, writing

ACKNOWLEDGMENTS
We are grateful to Dr. Bruce Cronstein (NYU
Langone Medical Center, NYC, NY) and Dr. William
Yeudall (Augusta University, Augusta, GA) for helpful
discussions.
We thank Ms. Regina Hand, histotechnologist (AU
DCG Oral and Maxillofacial Pathology, Augusta, GA) for
the preparation of tissue specimens.

10. Joly S, Compton LM, Pujol C, Kurago ZB, Guthmiller JM.
Loss of human beta-defensin 1, 2, and 3 expression in oral
squamous cell carcinoma. Oral Microbiol Immunol. 2009;
24:353–60. https://doi.org/10.1111/j.1399-302X.2009.00512.x.

CONFLICTS OF INTEREST
The authors have no conflicts of interest to disclose

11. Kawai T, Akira S. The role of pattern-recognition receptors in
innate immunity: update on Toll-like receptors. Nat Immunol.
2010; 11:373–84. https://doi.org/10.1038/ni.1863.

FINANCIAL SUPPORT
R03 DE019178-01A1 NIDCR (LR, AL, ZBK),
NYU College of Dentistry Seed Grant Program (LR, AL,
ZBK), Augusta University Pilot Study Research Project
grant (ZBK, CDP).

12. Kluwe J, Mencin A, Schwabe RF. Toll-like receptors,
wound healing, and carcinogenesis. J Mol Med (Berl). 2009;
87:125–38. https://doi.org/10.1007/s00109-008-0426-z.
13. Kim S, Karin M. Role of TLR2-dependent inflammation in
metastatic progression. Ann N Y Acad Sci. 2011; 1217:191–
206. https://doi.org/10.1111/j.1749-6632.2010.05882.x.
14. Kurago ZB, Lam-ubol A, Stetsenko A, De La Mater C,
Chen Y, Dawson DV. Lipopolysaccharide-squamous cell
carcinoma-monocyte interactions induce cancer-supporting
factors leading to rapid STAT3 activation. Head Neck Pathol.
2008; 2:1–12. https://doi.org/10.1007/s12105-007-0038-x.

REFERENCES
1.

SEER. http://seer.cancer.gov/statfacts/html/oralcav.html.
2005-2012.

2.

Castellsagué X, Alemany L, Quer M, Halec G, Quirós B,
Tous S, Clavero O, Alòs L, Biegner T, Szafarowski T, Alejo
M, Holzinger D, Cadena E, et al, and ICO International HPV
in Head and Neck Cancer Study Group. HPV Involvement
in Head and Neck Cancers: Comprehensive Assessment
of Biomarkers in 3680 Patients. J Natl Cancer Inst. 2016;
108:djv403. https://doi.org/10.1093/jnci/djv403.

3.

Nevill e BW, Allen CM. Chi AC Oral and Maxillofacial
Pathology. 4th ed. Elsevier; 2016; 355–89.

4.

Hooper SJ, Crean SJ, Fardy MJ, Lewis MA, Spratt DA, Wade
WG, Wilson MJ. A molecular analysis of the bacteria present
within oral squamous cell carcinoma. J Med Microbiol. 2007;
56:1651–9. https://doi.org/10.1099/jmm.0.46918-0.

5.

Hooper SJ, Wilson MJ, Crean SJ. Exploring the link between
microorganisms and oral cancer: a systematic review of

www.impactjournals.com/oncotarget

15. Lam-ubol A, Hopkin D, Letuchy EM, Kurago ZB. Squamous
carcinoma cells influence monocyte phenotype and suppress
lipopolysaccharide-induced TNF-alpha in monocytes.
Inflammation. 2010; 33:207–23. https://doi.org/10.1007/
s10753-009-9175-6.
16. Szczepanski MJ, Czystowska M, Szajnik M,
Harasymczuk M, Boyiadzis M, Kruk-Zagajewska A, Szyfter
W, Zeromski J, Whiteside TL. Triggering of Toll-like
receptor 4 expressed on human head and neck squamous cell
carcinoma promotes tumor development and protects the
tumor from immune attack. Cancer Res. 2009; 69:3105–13.
https://doi.org/10.1158/0008-5472.CAN-08-3838.
17. Scheeren FA, Kuo AH, van Weele LJ, Cai S, Glykofridis I,
Sikandar SS, Zabala M, Qian D, Lam JS, Johnston D,
6827

Oncotarget

Volkmer JP, Sahoo D, van de Rijn M, et al. A cell-intrinsic
role for TLR2-MYD88 in intestinal and breast epithelia and
oncogenesis. Nat Cell Biol. 2014; 16:1238–48. https://doi.
org/10.1038/ncb3058.

in MyD88-deficient mice: a role for MyD88 in the
regulation of wound healing by adenosine A2A receptors.
Am J Pathol. 2007; 171:1774–88. https://doi.org/10.2353/
ajpath.2007.061048.

18. Hormann N, Brandao I, Jackel S, Ens N, Lillich M, Walter U,
Reinhardt C. Gut microbial colonization orchestrates TLR2
expression, signaling and epithelial proliferation in the small
intestinal mucosa. PLoS One. 2014; 9:e113080. https://doi.
org/10.1371/journal.pone.0113080.

29. Koga K, Takaesu G, Yoshida R, Nakaya M, Kobayashi T,
Kinjyo I, Yoshimura A. Cyclic adenosine monophosphate
suppresses the transcription of proinflammatory cytokines via
the phosphorylated c-Fos protein. Immunity. 2009; 30:372–
83. https://doi.org/10.1016/j.immuni.2008.12.021.

19. Tye H, Kennedy CL, Najdovska M, McLeod L, McCormack
W, Hughes N, Dev A, Sievert W, Ooi CH, Ishikawa TO,
Oshima H, Bhathal PS, Parker AE, et al. STAT3-driven
upregulation of TLR2 promotes gastric tumorigenesis
independent of tumor inflammation. Cancer Cell. 2012;
22:466–78. https://doi.org/10.1016/j.ccr.2012.08.010.

30. Deschenes-Simard X, Kottakis F, Meloche S, Ferbeyre G.
ERKs in cancer: friends or foes? Cancer Res. 2014; 74:412–
9. https://doi.org/10.1158/0008-5472.CAN-13-2381.
31. Deschenes-Simard X, Lessard F, Gaumont-Leclerc MF,
Bardeesy N, Ferbeyre G. Cellular senescence and protein
degradation: breaking down cancer. Cell Cycle. 2014;
13:1840–58. https://doi.org/10.4161/cc.29335.

20. West AC, Tang K, Tye H, Yu L, Deng N, Najdovska M,
Lin SJ, Balic JJ, Okochi-Takada E, McGuirk P, Keogh B,
McCormack W, Bhathal PS, et al. Identification of a TLR2regulated gene signature associated with tumor cell growth
in gastric cancer. Oncogene. 2017; 36:5134–44. https://doi.
org/10.1038/onc.2017.121.

32. Meloche S, Pouyssegur J. The ERK1/2 mitogen-activated
protein kinase pathway as a master regulator of the G1- to
S-phase transition. Oncogene. 2007; 26:3227–39. https://doi.
org/10.1038/sj.onc.1210414.
33. Monje P, Hernandez-Losa J, Lyons RJ, Castellone MD,
Gutkind JS. Regulation of the transcriptional activity of
c-Fos by ERK. A novel role for the prolyl isomerase PIN1. J
Biol Chem. 2005; 280:35081–4. https://doi.org/10.1074/jbc.
C500353200.

21. Farnebo L, Shahangian A, Lee Y, Shin JH, Scheeren FA,
Sunwoo JB. Targeting Toll-like receptor 2 inhibits growth of
head and neck squamous cell carcinoma. Oncotarget. 2015;
6:9897–907. https://doi.org/10.18632/oncotarget.3393.
22. Ye Y, Ono K, Bernabe DG, Viet CT, Pickering V, Dolan JC,
Hardt M, Ford AP, Schmidt BL. Adenosine triphosphate
drives head and neck cancer pain through P2X2/3
heterotrimers. Acta Neuropathol Commun. 2014; 2:62.
https://doi.org/10.1186/2051-5960-2-62.

34. Wood CE, Hukkanen RR, Sura R, Jacobson-Kram D, Nolte
T, Odin M, Cohen SM. Scientific and Regulatory Policy
Committee (SRPC) Review: Interpretation and Use of Cell
Proliferation Data in Cancer Risk Assessment. Toxicol Pathol.
2015; 43:760–75. https://doi.org/10.1177/0192623315576005.

23. Antonioli L, Blandizzi C, Pacher P, Hasko G. Immunity,
inflammation and cancer: a leading role for adenosine. Nat Rev
Cancer. 2013; 13:842–57. https://doi.org/10.1038/nrc3613.

35. Julien O, Wells JA. Caspases and their substrates. Cell
Death Differ. 2017; 24:1380–9. https://doi.org/10.1038/
cdd.2017.44.

24. Hasko G, Linden J, Cronstein B, Pacher P. Adenosine
receptors: therapeutic aspects for inflammatory and immune
diseases. Nat Rev Drug Discov. 2008; 7:759–70. https://doi.
org/10.1038/nrd2638.

36. Kim S, Takahashi H, Lin WW, Descargues P, Grivennikov S,
Kim Y, Luo JL, Karin M. Carcinoma-produced factors activate
myeloid cells through TLR2 to stimulate metastasis. Nature.
2009; 457:102–6. https://doi.org/10.1038/nature07623.

25. Stagg J, Smyth MJ. Extracellular adenosine triphosphate and
adenosine in cancer. Oncogene. 2010; 29:5346–58. https://
doi.org/10.1038/onc.2010.292.

37. Pukkila M, Kosunen A, Ropponen K, Virtaniemi J,
Kellokoski J, Kumpulainen E, Pirinen R, Nuutinen J,
Johansson R, Kosma VM. High stromal versican expression
predicts unfavourable outcome in oral squamous cell
carcinoma. J Clin Pathol. 2007; 60:267–72. https://doi.
org/10.1136/jcp.2005.034181.

26. van der Putten C, Zuiderwijk-Sick EA, van Straalen L, de
Geus ED, Boven LA, Kondova I, IJzerman AP, Bajramovic JJ.
Differential expression of adenosine A3 receptors controls
adenosine A2A receptor-mediated inhibition of TLR
responses in microglia. J Immunol. 2009; 182:7603–12.
https://doi.org/10.4049/jimmunol.0803383.

38. Banerjee AG, Bhattacharyya I, Vishwanatha JK.
Identification of genes and molecular pathways involved in
the progression of premalignant oral epithelia. Mol Cancer
Ther. 2005; 4:865–75. https://doi.org/10.1158/1535-7163.
MCT-05-0033.

27. Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A,
Erat A, Chen JF, Enjyoji K, Linden J, Oukka M, Kuchroo
VK, Strom TB, Robson SC. Adenosine generation catalyzed
by CD39 and CD73 expressed on regulatory T cells mediates
immune suppression. J Exp Med. 2007; 204:1257–65. https://
doi.org/10.1084/jem.20062512.

39. Inaba H, Sugita H, Kuboniwa M, Iwai S, Hamada M, Noda T,
Morisaki I, Lamont RJ, Amano A. Porphyromonas gingivalis
promotes invasion of oral squamous cell carcinoma through
induction of proMMP9 and its activation. Cell Microbiol.
2014; 16:131–45. https://doi.org/10.1111/cmi.12211.

28. Macedo L, Pinhal-Enfield G, Alshits V, Elson G,
Cronstein BN, Leibovich SJ. Wound healing is impaired
www.impactjournals.com/oncotarget

6828

Oncotarget

40. Binder Gallimidi A, Fischman S, Revach B, Bulvik R,
Maliutina A, Rubinstein AM, Nussbaum G, Elkin M.
Periodontal pathogens Porphyromonas gingivalis and
Fusobacterium nucleatum promote tumor progression in an
oral-specific chemical carcinogenesis model. Oncotarget.
2015; 6:22613–23. https://doi.org/10.18632/oncotarget.4209.

transcriptional control of ErbB receptor signaling undergoes
graded to biphasic response for cell differentiation. J Biol
Chem. 2007; 282:4045–56. https://doi.org/10.1074/jbc.
M608653200.
50. Mebratu Y, Tesfaigzi Y. How ERK1/2 activation controls
cell proliferation and cell death: Is subcellular localization
the answer? Cell Cycle. 2009; 8:1168–75. https://doi.
org/10.4161/cc.8.8.8147.

41. Sitkovsky MV, Lukashev D, Apasov S, Kojima H,
Koshiba M, Caldwell C, Ohta A, Thiel M. Physiological
control of immune response and inflammatory tissue
damage by hypoxia-inducible factors and adenosine A2A
receptors. Annu Rev Immunol. 2004; 22:657–82. https://doi.
org/10.1146/annurev.immunol.22.012703.104731.

51. Chen RH, Juo PC, Curran T, Blenis J. Phosphorylation of
c-Fos at the C-terminus enhances its transforming activity.
Oncogene. 1996; 12:1493–502.

42. Sheng H, Li P, Chen X, Liu B, Zhu Z, Cao W. Omega-3
PUFAs induce apoptosis of gastric cancer cells via ADORA1.
Front Biosci (Landmark Ed). 2014; 19:854–61.

52. Murphy LO, Smith S, Chen RH, Fingar DC, Blenis J.
Molecular interpretation of ERK signal duration by
immediate early gene products. Nat Cell Biol. 2002; 4:556–
64. https://doi.org/10.1038/ncb822.

43. Saito M, Yaguchi T, Yasuda Y, Nakano T, Nishizaki T.
Adenosine suppresses CW2 human colonic cancer growth
by inducing apoptosis via A adenosine receptors. Cancer Lett.
2010; 290:211–5. https://doi.org/10.1016/j.canlet.2009.09.011.

53. Okazaki K, Sagata N. The Mos/MAP kinase pathway
stabilizes c-Fos by phosphorylation and augments its
transforming activity in NIH 3T3 cells. EMBO J. 1995;
14:5048–59.

44. Kim SJ, Min HY, Chung HJ, Park EJ, Hong JY, Kang YJ,
Shin DH, Jeong LS, Lee SK. Inhibition of cell proliferation
through cell cycle arrest and apoptosis by thio-Cl-IB-MECA,
a novel A3 adenosine receptor agonist, in human lung
cancer cells. Cancer Lett. 2008; 264:309–15. https://doi.
org/10.1016/j.canlet.2008.01.037.

54. Kee N, Sivalingam S, Boonstra R, Wojtowicz JM. The
utility of Ki-67 and BrdU as proliferative markers of adult
neurogenesis. J Neurosci Methods. 2002; 115:97–105.
55. Cheng J, Tian L, Ma J, Gong Y, Zhang Z, Chen Z, Xu B,
Xiong H, Li C, Huang Q. Dying tumor cells stimulate
proliferation of living tumor cells via caspase-dependent
protein kinase Cdelta activation in pancreatic ductal
adenocarcinoma. Mol Oncol. 2015; 9:105–14. https://doi.
org/10.1016/j.molonc.2014.07.024.

45. Bar-Yehuda S, Stemmer SM, Madi L, Castel D, Ochaion A,
Cohen S, Barer F, Zabutti A, Perez-Liz G, Del Valle L,
Fishman P. The A3 adenosine receptor agonist CF102 induces
apoptosis of hepatocellular carcinoma via de-regulation of
the Wnt and NF-kappaB signal transduction pathways. Int J
Oncol. 2008; 33:287–95.

56. Liu X, He Y, Li F, Huang Q, Kato TA, Hall RP, Li CY.
Caspase-3 promotes genetic instability and carcinogenesis.
Mol Cell. 2015; 58:284–96. https://doi.org/10.1016/j.
molcel.2015.03.003.

46. Welihinda AA, Kaur M, Greene K, Zhai Y, Amento EP.
The adenosine metabolite inosine is a functional agonist of
the adenosine A2A receptor with a unique signaling bias.
Cell Signal. 2016; 28:552–60. https://doi.org/10.1016/j.
cellsig.2016.02.010.

57. Farwell DG, Shera KA, Koop JI, Bonnet GA, Matthews CP,
Reuther GW, Coltrera MD, McDougall JK, Klingelhutz AJ.
Genetic and epigenetic changes in human epithelial
cells immortalized by telomerase. Am J Pathol. 2000;
156:1537–47. https://doi.org/10.1016/S0002-9440(10)65025-0.

47. Di Virgilio F, Adinolfi E. Extracellular purines, purinergic
receptors and tumor growth. Oncogene. 2016; 36:293–303.
https://doi.org/10.1038/onc.2016.206.

58. Ramanathapuram LV, Hopkin D, Kurago ZB. Dendritic
Cells (DC) Facilitate Detachment of Squamous Carcinoma
Cells (SCC), While SCC Promote an Immature CD16(+) DC
Phenotype and Control DC Migration. Cancer Microenviron.
2013; 6:41–55. https://doi.org/10.1007/s12307-011-0077-4.

48. Deschenes-Simard X, Gaumont-Leclerc MF, Bourdeau V,
Lessard F, Moiseeva O, Forest V, Igelmann S, Mallette FA,
Saba-El-Leil MK, Meloche S, Saad F, Mes-Masson AM,
Ferbeyre G. Tumor suppressor activity of the ERK/MAPK
pathway by promoting selective protein degradation.
Genes Dev. 2013; 27:900–15. https://doi.org/10.1101/
gad.203984.112.

59. Patyka M, Malamud D, Weissman D, Abrams WR, Kurago Z.
Periluminal Distribution of HIV-Binding Target Cells and
Gp340 in the Oral, Cervical and Sigmoid/Rectal Mucosae: A
Mapping Study. PLoS One. 2015;10:e0132942. https://doi.
org/10.1371/journal.pone.0132942.

49. Nagashima T, Shimodaira H, Ide K, Nakakuki T, Tani Y,
Takahashi K, Yumoto N, Hatakeyama M. Quantitative

www.impactjournals.com/oncotarget

6829

Oncotarget

