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Abstract
Bitter taste receptors (T2Rs) are G-protein coupled transmembrane proteins initially identified in
the gustatory system as sensors for the taste of bitter. Recent evidence on expression of these
receptors outside gustatory tissues suggested alternative functions, and there is growing interest of
their potential role in cancer biology. In this study, we report for the first time, expression and
functionality of the bitter receptor family member T2R10 in both human pancreatic ductal
adenocarcinoma (PDAC) tissue and PDAC derived cell lines. Caffeine, a known ligand for T2R10,
rendered the tumor cells more susceptible to two standard chemotherapeutics, Gemcitabine and
5-Fluoruracil. Knocking down T2R10 in the cell line BxPC-3 reduced the caffeine-induced effect. As
possible underlying mechanism, we found that caffeine via triggering T2R10 inhibited Akt
phosphorylation and subsequently downregulated expression of ABCG2, the so-called multi-drug
resistance protein that participates in rendering cells resistant to a variety of chemotherapeutics. In
conclusion, T2R10 is expressed in pancreatic cancer and it downmodulates the chemoresistance of
the tumor cells.
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) is the
fourth leading cause of cancer deaths with a 5-year
survival rate of approximately 7% [1]. Due to late
occurrence of symptoms and thus often progressed
disease, only a minor percentage of PDAC patients is
suitable for potential curative surgery [2]. Therefore,
chemotherapy often remains the last treatment option
[2]. However, its effectiveness is limited because
pancreatic cancer exhibits numerous mechanisms of
resistance towards a wide variety of drugs [3, 4].
Thus, understanding resistance on a molecular basis is
imperative for the development of novel therapeutic
targets to restore drug efficacy and to overcome
chemoresistance. A plethora of synthetic and natural
compounds has been tested so far, often in
combination with conventional chemotherapy, to

improve chemotherapeutic regimen for malignancies,
including PDAC [5-9]. In this context, bitter tasting
substances and the family of their corresponding
receptors came into focus.
Bitter taste receptors (T2R) are classical
G-protein coupled seven transmembrane-domain
receptors that respond to ligation with various bitter
compounds of foods [10-13], such as sinigrin in
vegetables [14], caffeine and epigallocatechin-3gallate in green tea [15], of drugs such as
erythromycin [12], or metabolites of the microbiome
[16]. In humans, the family of T2R is composed of 25
functional receptors [11]. Based on initial description
of these receptors in the oral cavity, it was originally
assumed that they mediate exclusively the perception
of bitter taste. However, recent studies described the
http://www.jcancer.org
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presence of these receptors in non-gustatory cells,
including airway epithelia [17], breast epithelia [18],
gastro-intestinal cells [19], placental [20], brain [21], or
myeloid cells [16], suggesting functions apart from
sensing bitter. Sensing bacterial-derived products and
thus participating in the local host response has been
suggested for receptors expressed on epithelial cells
[17, 22] or myeloid cells [16]. Recent reports described
a functional role of T2R10 as bronchodilator and
vasomodulator in smooth muscle cells, because
activation by bitter agonists causes changes in Ca2+
oscillations that resulted in relaxation of smooth
muscle cells [23-26]. Moreover, a potential role in
cancer biology has been shown recently for the family
member T2R38 in pancreatic cancer; its stimulation
upregulates
the
multi-drug-resistance-protein
ABCB1, a major player in the induction of
chemoresistance [27]. On the other hand, bitter
compounds can also display anticancer or
chemotherapy enhancing activities, whereby the exact
mechanisms are often still unknown [28-32]. Most of
the bitter receptors are promiscuous, and – by not yet
well-understood mechanisms – can be triggered by
different chemically not related substances. One of
those receptors is T2R10, which reacts with caffeine,
coumarin, erythromycin, and haloperidol [12], but its
role beyond sensing bitter is unexplored. A
cancer-related expression of T2R10 has been shown in
breast cancer cell lines, although a function has not
been described yet [18].
The aim of the present study was to evaluate the
expression of T2R10 receptor in PDAC tissue and in
tumor derived cell lines (AsPC-1, BxPC-3, Capan-1,
COLO-357, MiaPaCa-2, SU.86.86, PANC-1, and
T3M4), and to investigate a functional role of this
receptor in the context of chemoresistance.

Materials and Methods
Chemicals, Reagents, and Antibodies
Caffeine (Sigma Aldrich, St. Louis, MO, USA)
was dissolved in distilled water, Gemcitabine (Eli
Lilly & Co., Indianapolis, IN, USA) in phosphate
buffered saline (PBS; Sigma Aldrich), and
5-Fluorouracil (5-FU; Sigma Aldrich) in Dimethylsulfoxide (DMSO; Sigma Aldrich). For Western blot
analysis the following antibodies were used:
anti-ABCG2 (EPR2099, abcam); anti-Phospho-Akt
Ser473 (D9E, Cell Signaling, Cambridge, UK),
anti-pan-Akt (C67E7, Cell Signaling); anti-GAPDH
(14C10, Cell signaling); anti-T2R10 (orb 164582;
Biorbyt, Cambridge, UK); anti-tubulin (sc-58886,
Santa Cruz); goat anti-rabbit IgG-horse radish
peroxidase (HRP; Santa Cruz) as secondary antibody.
For flow cytometry, a Fc Blocking Reagent (human,
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Miltenyi Biotec, Bergisch-Gladbach, Germany) was
used; anti-T2R10 (ab138285, abcam, Cambridge, UK),
a rabbit polyclonal isotype control (abcam), and
anti-rabbit-IgG conjugated with phycoerythrin (PE)
(Jackson Immunoresearch, West Grove, PA, USA).

Cell Culture
The pancreatic cancer cells AsPC-1, BxPC-3,
Capan-1, COLO-357, MiaPaCa-2, SU.86.86, PANC-1,
and T3M4 were obtained from ATCC (Rockville, MD,
USA). All cells were cultured in RPMI 1640
supplemented with 10% calf serum and 1%
penicillin-streptomycin all from Life Technologies
(Darmstadt, Germany). Cells were maintained in a
humidified atmosphere with 5% CO2 at 37°C.
Accutase (Life Technologies) was used for detaching
cells.

Patients and Biopsies
Pancreatic tissue samples were obtained from
the Pancobank of the European Pancreas Center,
Department of Surgery, University Hospital
Heidelberg or the tissue bank of the National Center
for Tumor Diseases (NCT, Heidelberg, Germany) in
accordance with the regulations of the tissue bank.
The histological examination of formalin fixed,
paraffin embedded and H&E stained pancreatic tissue
sections was performed at the Pathology Department
University of Heidelberg. The study was approved by
the ethics committee of the University of Heidelberg
(approval votes no. 301/2001, 159/2002, 206/2005),
and a written informed consent was obtained from all
patients. Patient demographics and clinical data are
summarized in table 1.

Tissue staining
After deparaffinization and rehydration of the
tissue in xylene and graded alcohols, an anti-human
T2R10 antibody (Thermo Scientific, 1:400, retrieval
condition: citrate buffer, pH 6.0) was incubated for 1
hour at room temperature. As secondary antibody the
DCS Detection Line Super Vision Red2 system
(Innovative
Diagnostik-Systeme,
Hamburg,
Germany) was used, followed by the color reaction
with liquid permanent red (Zytomed, Berlin,
Germany) and counter stain with hematoxylin.
Presence of T2R10 was evaluated using an established
scoring system in which the sum of the staining
intensity (0: absent; 1: weak; 2: moderate; 3 strong)
and distribution (0: absent; 1: 0 – 1 %; 2: > 1 – 10%; 3: >
10 – 33%; 4: > 33 – 66 %; 5: > 66 – 100%) was calculated
(Allred [33]). The intratumor inflammation was
determined on whole tumor sections by evaluating
the accumulation of inflammatory cells (lymphocytes,
plasma cells, macrophages). Severity was determined
as absent (score 0), mild (score 1), moderate (score 2),
http://www.jcancer.org
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and severe (score 3). Activity of inflammation was
judged by the density of neutrophils, and scored as
absent (score 0), mild (score 1), and moderate to
severe (score 2), using an established scoring system
for pancreatic cancer [34]. Infiltrated T cells were
identified by expression of CD3 (antibody obtained
from Thermo Scientific, Darmstadt, Germany).
Table 1. Patients data
diagnosis

pancreatic ductal adenocarcinoma

gender (female : male) 30 : 32
age (years)
39-83 (mean: 65.5; median: 65.5)
localization of the
head
tumor
body
tail
tumor size *pT
pT1 (smaller 2 cm):
pT2 (between 2 and 4 cm):
pT3 (larger than 4 cm):
lymph node
pN0: no regional lymph node
metastases *pN
metastases
pN1: metastases in 1 to 3 regional
lymph nodes
pN2: metastases in 4 or more
regional lymph nodes
*pM
pM0: no distant metastases
pM1: distant metastases
histological grading G1: well differentiated
(growth pattern)
G2: moderately differentiated
G3: poorly differentiated
one patient excluded because of
neoadjuvant therapy
neoadjuvant
received
chemotherapy
not received
resection margin
more than 1 mm from resection
margin
less than 1 mm from resection
margin
no data

number of
patients (62)

47
14
1
9
31
22
7
27
28
54
8
4
39
18

1
61
10
46
6

*Pathological evaluation according to the guidelines of the Union for International
Cancer Control 2017

Gene expression Analysis
The mRNA data of T2R10 expression in PDAC
tumors (n=84) was obtained from the database of the
Heidelberg Institute of Personalized Oncology (HiPO)
biobank. Tumor samples with reads per kilobase per
million mapped reads (rpkm) ≥ 1 for T2R10 were
defined as T2R10 positive [35]. Follow-up data were
available in 46 cases. Kaplan-Meier analysis was used
to determine survival and differences between
patients with T2R10 negative (<1.0 rpkm) (n=8) and
T2R10 positive PDAC tumors (≥1.0rpkm) (n=38) were
calculated using Rank correlation.

Reverse transcription polymerase chain
reaction (RT-PCR)
Total RNA was isolated using Magna-Pure LC
RNA Isolation Kit High Performance (Roche

lifescience, Indianapolis, USA) according to the
manufacturer’s instructions. cDNA was then
generated with the 1st Strand cDNA Synthesis Kit
from Roche Diagnostics and used as a template for
polymerase chain reaction (PCR). The PCR was
carried out in a 25 µl reaction mixture containing 12.5
µl Read Tag Mix Ready Use (Sigma Aldrich), 0.4 µM
Primer, 8 µl nuclease-free water (Sigma Aldrich) and 2
µl cDNA. T2R10-Primer sequences were as follows:
forward
GACTTGTAAACTGCATTGACTGTGCC,
and reverse AAAGAGGCTTGCTTTAGCTTGCTG.
For GAPDH (glycerin aldehyde–3–phosphate
dehydrogenase) used as control the forward primer
was GCCAAAAGGGTCATCATCTC and reverse
primer GTAGAGGCAGGGATGATGTTC. The PCR
reaction consisted of 10 minutes initial denaturation at
94°C following for 50 cycles of 30 seconds
denaturation (94°C), 30 seconds annealing (60°C), 30
seconds extension (72°C) and a final extension for 2
minutes at 72°C. Products were separated on a 1.5%
agarose gel stained with ethidium bromide. Fusion-SL
(Vilber, Eberhardzell, Germany) was used for
capturing gel images under UV light. For control,
reactions were performed using water instead the
sample, or without master mix (polymerase, primer).

Flow Cytometry
For flow cytometry analyses ~1x106 cells were
harvested with Accutase (Life technologies,
Darmstadt, Germany) and resuspended in 100 µl flow
cytometry buffer (FACS buffer: PBS; 0.5% FCS)
followed by fixation in ice-cold Methanol (80%) for 20
minutes at 4°C. Then, cells were washed with flow
cytometry buffer and permeabilized with PBS plus 1%
Tween 20 (Gerbu Biotechnik, Heidelberg, Germany)
for 20 minutes at room temperature. After washing
with FACS-buffer containing 0.1% Tween 20, cells
were pre-incubated with 10 µl Fc Blocking Reagent
(Becton and Dickinson, Heidelberg, Germany) for 15
minutes. Then the primary antibody against T2R10
(ab138285, abcam, Cambridge, UK) (20 ng/ml) and
IgG isotype control (20 ng/ml) were incubated for 35
minutes, respectively. Cells were washed and
incubated with a PE-labeled secondary antibody (5
ng/ml) for 20 minutes protected from light. Finally,
cells were washed and resuspended in 300 µl buffer.
All incubation steps were performed at room
temperature. BD FACS Canto 2 was used for
detection. Results were analyzed with FlowJo 10.0.8
software (Tree Star, Ashland, OR, USA). The mean
fluorescence intensity (MFI) was used to show
expression. In the knock down experiments, the MFI
of cells treated with siRNA negative control was
defined as 100%. Knockdown efficacy was expressed
as percentage decrease of MFI.
http://www.jcancer.org
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Transfection
siRNA Select against T2R10 and siRNA negative
control Select 1 were purchased from Invitrogen
(Carlsbad, CA, USA). Reverse transfection with 10 nM
siRNA in the presence of Hiperfect (Qiagen, Hilden,
Germany) was performed according to the
manufacturer’s instructions. 200,000 cells were seeded
and cultured for 48 hours before performing a
retransfection. Another 48 hours later siRNA knock
down efficacy of T2R10 was assessed by flow
cytometry.

Drug Treatment
For Western blot (WB) analysis and crystal violet
assays 200,000 cells in 2 ml medium were seeded in
6-well plates and for MTS assays 5,000 cells with 100
µl were seeded in 96-well plates. Cells were cultured
for 96 hours and treated according to the protocol
shown in supplementary Fig. 1A. Caffeine (dotted
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lines) was added to the medium at 12, 24, 48, 72, and
84 hours after seeding, each time at a concentration of
100 µM or 200 µM, respectively. These concentrations
were not toxic for the tumor cells. A single dose of
chemotherapeutic drug (solid line) was administered
24 hours after seeding. BxPC-3 cells were treated with
either 5 nM Gemcitabine or 500 nM 5-FU and PANC-1
cells with 500 nM Gemcitabine or 2 µM 5-FU.
Sensitivity to drugs (chemoresponse assays) and cell
harvesting for further protein analyses were
performed 72 h post drug exposure. For T2R10
knockdown experiments, cells were reversely
transfected with siRNA, with treatment starting point
delayed by 12 hours. These cells were cultured for a
total of 108 hours as shown in supplementary Fig. 1B.
T2R10 knockdown cells used for protein lysates were
retransfected with siRNA 48 hours after seeding as
shown in supplementary Fig 1C.
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Figure 1: T2R10 expression in PDAC tissue. A RNA Sequencing data showing T2R10 transcripts in PDAC tumor samples of 84 patients (Data are presented
as quantified transcript levels in reads per kilobase of exon model per million mapped reads (rpkm). B Representative tissue specimen of PDAC tumors from three
patients (upper panel) and of normal pancreas. T2R10 was detected in tumor cells (arrowheads) and immune cells (arrows). High magnification (upper panel, right)
shows expression of T2R10 on the cell membrane and in the cytoplasm (asterisk). C Tumor samples (n=62) were categorized according to their T2R10 expression
using an immunoreactivity score; negative= score 0, low= score 2-3, medium= score 4-6, high= score 7-8. D Kaplan-Meier survival analysis of PDAC patients with
T2R10 negative (n=8) and T2R10 positive PDAC tumors (n=38) E Infiltrated T cells, identified by expression of CD3 are shown; F Inflammation severity scores (0-3)
and activity scores (0-2) were related to T2R10 expression, the latter quantified using Allred score. The groups did not differ from each other.
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Chemoresponse assays
Two ml medium containing 200,000 cells per
well were seeded in 6-well plates and treated with
either caffeine, Gemcitabine, 5-FU, or in combination
according to the scheme presented above in
supplementary Fig 1A. BxPC-3 cells were treated with
5 nM Gemcitabine or 500 nM 5-FU, and PANC-1 cells
with 500 nM Gemcitabine or 2 µM 5-FU, respectively.
Five applications of either 100 µM or 200 µM caffeine
were added to the medium. On day 0 and day 3, a
crystal violet assay was performed. 1 ml of 0.05%
crystal violet in 20% ethanol was added to each well.
Cells were stained for 20 min at room temperature.
Crystal violet was rinsed using cold tap water and
plates were dried overnight. The next day, 1 ml of
methanol per well was added to elute the stained
crystals from the cells. Plates were placed on a
horizontal shaker for 20 min and absorbance was
measured at λ = 595 nm. Untreated cells were used for
normalization. The optical densities [36] were
normalized to day 0 (0% growth) and day three (100%
growth).
To test for cytotoxicity, the IC50 was determined
by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) cell
viability assays. 5,000 cells were seeded in 100 µl
medium per 96-well. MTS measurements were
performed on day 0 and day 3. 10 µl of MTS CellTiter
96 Aqueous One Solution (Promega, Wisconsin, USA)
was added to each well. After 2 hours incubation at
37°C absorbance was measured at 490 nm using
Synergy
HTX
Multi-Mode-Reader
(Biothek,
Wörrstadt, Germany). For normalization optical
density values [36] obtained on day 0 were defined as
0% growth. ODs of cells not treated with
chemotherapy were measured on day 3 were defined
as 100% growth. This was done separately for the
control (PBS) and caffeine treatment group. To assess
synergism, the combined drug intoxication (CDI) was
calculated [37].

Western Blot Analysis
After the respective treatments (Supplementary
Fig. 1A, 1C), cells were washed twice with PBS (Sigma
Aldrich), transferred in RIPA lysis buffer (Santa Cruz)
and sonicated (Bandelin Berlin, Germany) for 45
seconds on ice, to support cell lysis, DNA
fragmentation and cell membrane disintegration.
Protein concentration was measured using BCA
Protein Assay Kit [38] according to the manufacturer’s
instructions. Samples were mixed with Sample Buffer
and Reducing Agent (Invitrogen) and separated on a
4-12% Bis-Tris-Gel (Invitrogen). After blotting, the
membranes were blocked in 5% milk powder
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dissolved in Tris-buffered saline with 0.1% Tween20
(TBST) for one hour at room temperature. Primary
antibodies were incubated overnight at 4°C. The next
day membranes were washed three times with TBST
and once with TBS, for 10 minutes and subsequently
incubated with secondary antibodies conjugated to
horseradish peroxidase for one hour at 4°C. After
washing three times, the horseradish peroxidase
reaction was visualized with ECL solution
(SuperSignal West Dura Extended Duration
Substrate, Thermo Fischer Scientific). WB images
were captured using Fusion-SL (Vilber). Band
intensities were quantified with Image J Software
(NIH, Bethesda, USA). They were normalized to
GAPDH in the case of ABCG2 and to pan-Akt for
phosphorylated-Akt. Protein levels in the control
group were defined as 100%. For each experimental
condition, at least three blots were done.

Statistical Analysis
IC50 doses were calculated using Graph Pad
Prism Software 5.0 (GraphPad Software Inc., La Jolla,
CA, USA). Statistical significance of data obtained
from proliferation assays was tested by running
extra-sum-of-squares F tests and One-way-Anova
followed by Dunnett post-hoc- tests. Statistical
analysis of expression data was performed with the
appropriate tests for the clinical correlations
(Mann-Whitney-U) and Log-Rank-survival test.

Results
T2R10 is expressed in human PDAC tissue and
human pancreatic cancer cell lines
T2R10 is expressed in primary human pancreatic
tumor tissues. According to the data provided by the
HiPO biobank, T2R10 mRNA was found in 63 of 84
tumors (75%) (Fig. 1A). For detection of T2R10 on
protein level, a second cohort of 62 tissue samples
from patients with pancreatic ductal adenocarcinoma
was analyzed by immunohistochemistry (data of
patients summarized in table 1). Here, 79% of the
tumors expressed T2R10. Low expression was seen in
11.3 % of the patients, medium expression in 45.2 %,
and high expression in 22.6 % (examples in Fig. 1B;
data summarized in Fig. 1C). T2R10 was located on
the cell surface and in the cytoplasm as well. T2R10
expression did not correlate to pathological
parameters including TNM stage, histopathological
grading, and R-status. There was, however, a trend
towards higher survival rate in patients with high
T2R10 expression (Fig. 1D). Moderate to severe
intratumor inflammation was seen in the majority of
patients, as was infiltration of T cells (example in Fig.
1E). T2R10 expression did not correlate with severity
http://www.jcancer.org

Journal of Cancer 2018, Vol. 9
nor activity of inflammation, although there might be
a trend towards reduced expression of T2R10 in
specimen with high inflammatory activity (Fig. 1F).
Normal pancreatic tissue reveals single cellular weak
T2R10 staining in acinar cells and ductal epithelial
cells. Eight human pancreatic cancer cell lines, Aspc-1,
BxPC-3, Capan-1, COLO-357, Miapaca-2, PANC-1,
Su.86.86, and T3M4 were tested for expression of
T2R10 by mRNA by reverse transcription polymerase
chain reaction. All cell lines showed T2R10 transcripts
(Fig. 2A). For further studies two of these cell lines,
BxPC-3, expressing high T2R10, and PANC-1 with
low T2R10 (Fig. 2B and 2C) were selected. BxPC-3 and
PANC-1 differed with regard to their sensitivity
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towards chemotherapy, with PANC-1 being more
resistant [39], and in our hands a 100-times higher
concentration of Gemcitabine was required to cause
cell death in ranges similar to BxPC3.

Caffeine increases Gemcitabine or
5-FU-induced cell death

To test for T2R10-mediated effects on the
chemoresponse of BxPC-3 and PANC-1, caffeine, a
known and widely used T2R10 agonist [12], was used,
and sensitivity of the tumor cells towards either
Gemcitabine or 5-FU was tested (protocol in
supplementary Fig. 1A). Caffeine alone reduced the
viability of the cells slightly. Hundred µM caffeine,
however, enhanced the 5-FU-induced cell
death by 17% (p<0.05) in BxPC-3 (Figs.
3A,B), and the Gemcitabine-induced cell
death by 14% (p<0.01) in PANC-1 cells
(Figs. 3C,D). When 200 µM caffeine was
added to BxPC-3, cell viability in the
combinational treatment subset was
reduced by 46% as compared to
Gemcitabine alone (p< 0.01) and 25%
(p<0.01) compared to 5-FU alone (Figs. 3
A,B). Similarly, in PANC-1, cells treated
with Gemcitabine and 200 µM caffeine or
5-FU and 200 µM caffeine showed a
significant decrease in cell viability (34%
for Gemcitabine; p< 0.001) and 31% for
5-FU (p< 0.001) (Figs. 3C,D), when
compared
to
cells
exposed
to
chemotherapeutic treatment only.
To test whether the caffeine
mediated-effect was dependent on
T2R10, the receptor was knocked-down
by transient transfection with siRNA. As
measured by flow cytometry, protein
expression was reduced on average by
85% in BxPC-3 cells, and 80% in PANC-1
cells when compared to cells treated with
scrambled siRNA (mean of three
experiments; Figs. 4A-D). Reduced
expression of T2R10 could be confirmed
by Western blotting (Fig. 4E).
Cells were then treated with either
Gemcitabine or 5-FU at various
concentrations, and caffeine (200 µM) or
PBS (control) (supplementary Fig. 1). In
BxPC-3 cells, the treatment with 200 µM
caffeine reduced the IC50 of Gemcitabine
and 5-FU by 77% (p < 0.05) and 53% (p <
0.01), respectively (Figs. 5A,B), but in
Figure 2: T2R10 expression in tumor derived cell lines. A Agarose gel electrophoresis
analysis of PCR products. T2R10 mRNA was determined in eight pancreatic tumor cell lines. B
T2R10 knock-downs only by 37%,
T2R10 expression was assessed by Western blotting the cell lines BxPC3 and PANC-1 C Flow
suggesting that the caffeine effect was at
cytometry analysis was used to detect T2R10 surface expression in BxPC-3 and PANC-1 cell lines
(bold line indicates binding of anti-T2R10, dotted line is IgG isotype control).
least in part mediated by T2R10. As
http://www.jcancer.org
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shown before, PANC-1 cells became more susceptible
to either Gemcitabine (63%; p < 0.01) or 5-FU (37%; p
< 0.01) (Fig. 5C,D). Silencing T2R10, however, had no
apparent effect. For both cell lines BxPC-3 and
PANC-1, a synergistic effect of caffeine was detected
(Table 3 and 4).

Caffeine treatment inhibits Akt
phosphorylation at Ser473
T2R10 agonists such as chloroquine and quinine
have been shown to inhibit Akt phosphorylation [40].
Because activation of Akt plays a crucial role in the
chemoresponse of pancreatic tumor cells [41-43], we
tested whether caffeine reduced Akt-phosphorylation
in BxPC-3 and PANC-1 cells. By Western blotting, the
ratio of phosphorylated (activated) Akt to total Akt
was determined. In both, BxPC-3 and PANC-1,
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caffeine significantly suppressed the phosphorylation
of Akt compared to the control group (PBS) on
average of 77% and 70% respectively (Figs. 6A,B and
6E,F). Silencing of T2R10 prevented the caffeinemediated inhibition of Akt phosphorylation in
BxPC-3 (Figs. 6C,D), whereas for PANC-1 still an
effect, though somewhat reduced was seen (Figs.
6G,H).

Caffeine downregulates ABCG2 protein
expression
One of the downstream targets of Akt is ABCG2
[44, 45], which is crucially involved in multidrug
resistance [46-49]. Following exposure to caffeine,
ABCG2 protein expression was reduced in both cell
lines (data summarized in Fig. 7). Again, silencing of
T2R10 abrogated the effect of caffeine.

Figure 3: Caffeine increases chemo-responsiveness in pancreatic tumor cells. A Crystal violet staining of BxPC3 exposed to either PBS, caffeine,
gemcitabine (Gem), 5-Fluorouracil (5-FU), or combined treatment. B shows the quantification of these data (open bar: PBS; grey bar 100 µM caffeine; black bar 200
µM caffeine). C,D show the same experimental set up for PANC-1. (Values were normalized to the control group treated with PBS. Data are presented as mean +/SEM of three independent experiments, each performed in triplicates. Statistical significance was assessed with one-way Anova analysis followed by Dunnett post-hoc
test. (*p<0.05, **p<0.01, ***p<0.001)
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molecular mechanisms have not been fully elucidated
as yet [28-32]. Because chemoresistance to numerous
chemotherapeutics
is a major problem in the therapy
Despite an increasing understanding of the
of
pancreatic
cancer
[3, 4], we addressed the question
molecular mechanisms underlying pancreatic cancer,
whether pancreatic cancer cells expressed a functional
the therapeutic options are still limited. Hence, also
bitter receptor for caffeine, and whether signaling via
unconventional or unattended targets come into the
this receptor would affect chemoresistance of a given
focus of research, among those bitter-tasting food
tumor cell. Caffeine was chosen, because
compounds, such as bitter melon extract, epigallepidemiologic data suggested a protective effect, e.g.
ocatechin-3-gallate, or caffeine, which have some
for liver cancer [50].
anticancer activities [28-32]. All these substances act
We found expression of T2R10 in the majority of
through specialized bitter receptors, and enhance the
human
pancreatic cancer samples (79 %), whereas
chemotoxicity of anticancer drugs, whereby the exact
T2R10 was basically not detected in
normal pancreatic tissue. Expression
varied among patients. Although
survival of patients with tumors with
high T2R10 expression was prolonged,
there was no correlation to clinical data.
A trend towards lower expression of
T2R10 was seen in patients with high
inflammatory score, which would be in
line with the observation that a high
intratumor inflammatory reaction is
associated with reduced survival in
PDAC [51]. Whether there is a direct
link between inflammation and T2R10
expression cannot be decided as yet,
because there is, so far, no evidence for
regulation of T2R10 expression by
inflammatory mediators.
To assess a possible function of
T2R10, pancreatic cancer cell lines were
used. All cell lines tested expressed
T2R10, though to a varying degree. Of
these, two cell lines were chosen,
namely BxPC3, which showed high
surface expression of T2R10, and
PANC-1, which according to our flow
cytometry data expressed little T2R10.
These cell lines also differ with regard
to their susceptibility towards the used
chemotherapeutics, still for both a
pronounced effect of caffeine was seen,
and caffeine and the chemotherapeutics
act in a synergistic manner (see tables 3
and 4). To assess the participation of
T2R10, receptor expression was silenced
by siRNA. On average, there was a 70 %
downregulation of surface expression.
In BxPC-3 cells, silencing of T2R10
Figure 4: siRNA knockdown of T2R10. Flow cytometry analysis was used to determine surface
reduced the caffeine-induced effect,
expression of T2R10 in BxPC-3 (A) and PANC-1 cells (C) transfected with either scrambled siRNA
(blue line) or siRNA targeted against T2R10 (red line). Thick lines represent antibody binding to
indicative of a participation of T2R10. In
T2R10 and dotted lines isotype control. B,D Quantification of the mean fluorescence intensity (MFI)
PANC-1, silencing of T2R10 had no
indicates a reduction of T2R10 expression in BxPC-3 and PANC-1 (three independent experiments
substantial effect, suggesting an
are shown; MFI for cells treated with scrambled siRNA was set as 100%). E Western blot analysis
confirmed silencing of T2R10 on protein level
alternative caffeine signaling pathway.

Discussion
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Figure 5: Combined treatment with caffeine reduces IC50 of Gemcitabine and 5-FU. BxPC-3 (left panel) and PANC-1 (right panel) were treated with
various concentrations of Gemcitabine (upper panel) or 5-FU (lower panel), with or without caffeine (200 µM).Compared are cells silenced for T2R10 expression
with those transfected with scrambled siRNA. MTS assay was used to determine the number of viable cells after treatment. Values were normalized to the groups
treated neither with Gemcitabine nor 5-FU. Each data point represents the mean +/- SEM of at least three independent experiments, each of them performed in
triplicates.

Table 2. Effect of caffeine on Gemcitabine and 5-FU-induced cytotoxicity

BxPC-3 scrambled siRNA
BxPC-3 T2R10 siRNA
PANC-1 scrambled siRNA
PANC-1 T2R10 siRNA

IC50* (nM)
Gemcitabine
1.7
2.4
344,205
183,289

Gemcitabine + caffeine
0.4
1.5
127,747
55,561

decrease in %
77%*
38%
63%**
70%***

IC50 (nM)
5-FU
639
1024
6264
5918

5-FU + caffeine
337
641
3922
3910

decrease in %
53%**
37%
37%**
34%**

*IC50 was calculated on the basis of MTS-derived data (mean of three independent experiment). Compared were cells treated with Gemcitabine alone or Gemcitabine plus
caffeine; or 5-FU or 5-FU plus caffeine, respectively. As statistical method the extra sum of squares test was used (* p<0.05; ** p<0.01; ***p<0.001).

A known downstream target of T2R10 is Akt [40]
that regulates numerous cell functions, including cell
survival, proliferation and metabolism (reviewed in
[52-55]). In our experiments, caffeine reduced the
abundance of activated Akt, and subsequently, the
expression of its downstream target ABCG2, in BxPC3
in a T2R10-dependent manner; in PANC-1 the
caffeine effect was at least in part independent of
T2R10. ABCG2 is a transmembrane drug-efflux pump
that transports toxic xenobiotic substances out of cells
thereby making them less susceptible to drugs

(reviewed in [46-49]). Effects of bitter substances such
as bitter melon extract and xanthines on ABCG2 have
been described before [28, 30], as have its effects on
chemoresistance to both Gemcitabine and 5-FU in
pancreatic tumor cells (MiaPaCa2, ASPC-1) [56].
Furthermore, high ABCG2 expression correlates with
poor chemoresponse, and low overall survival in
PDAC patients [57, 58]. The experiments with silenced
T2R10 indicated that it participates in signaling
pathways regulating chemoresistance of pancreatic
tumor cells.
http://www.jcancer.org

Journal of Cancer 2018, Vol. 9

721

Figure 6: Caffeine inhibits Akt-phosphorylation. BxPC-3 (upper panel) and PANC-1 (lower panel) cells were grown in the presence of serum for 96 hours or
for 108 hours in the case of siRNA transfected cells. During this incubation period, five doses of 200 µM caffeine were accumulatively added to the medium according
to the scheme shown in supplementary Fig. 1A and 1C. Akt activation was measured as ratio between phosphorylated Akt (pAkt) and total Akt. A and E show
Western blots and B and F the respective quantification (summary of three experiments). C and G show Western blots of cells silenced for expression of T2R10
(T2R10 siRNA) or for comparison cells treated with scrambled siRNA, all cultivated either in the presence of absence of caffeine. D and H show the respective
quantification data (summary of three experiments as indicated by the different symbols (statistical differences between the groups were calculated by ANOVA).
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Figure 7: Caffeine down-regulates ABCG2 on protein expression. BxPC-3 (upper panel) and PANC-1 (lower panel) were grown in the presence of serum
for 96 hours or 108 hours in the case of siRNA transfected cells. During this incubation period, five doses of 200 µM caffeine were accumulatively added to the
medium according to the scheme shown in supplementary Fig. 1A and 1C. Expression of ABCG2 was measured by Western blotting (A,E) and quantified as ratio of
ABCG2 to GAPDH (B,F; summary of three experiments). C,G show cells silenced for expression of T2R10 (T2R10 siRNA) and for comparison cells treated with
scrambled siRNA cultivated with or without caffeine. D,E Data from three independent Western blots are shown (groups were compared using ANOVA).
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Table 3. Synergistic effect of caffeine and gemcitabine or
5-FU-induced cytotoxicity in BxPC-3 cells
Gem
(nM)

CDI value
scrambled
siRNA

T2R10
siRNA

1
2
3
4
5
6
7
8

0.95
0.95
0.93
0.85
0.76
0.66
0.73
0.73

1.02
0.97
0.92
0.94
0.85
0.82
0.79
0.75

5-FU
(nM)
125
250
500
1000
2000
3000
4000
5000

CDI value
scrambled
siRNA

T2R10
siRNA

0.93
0.93
0.91
0.89
0.85
0.86
0.86
0.87

1.03
1.00
0.94
0.94
0.90
0.92
0.88
0.89

Table 4. Synergistic effect of caffeine and gemcitabine or
5-FU-induced cytotoxicity in PANC-1 cells
Gem
(nM)

CDI value
scrambled
siRNA

T2R10
siRNA

1
10
100
1000
5000
10000
50000
100000

1.09
1.03
0.94
0.94
0.95
0.95
0.96
0.93

1.00
1.02
0.88
0.90
0.89
0.93
0.91
0.88

5-FU
(nM)

1
10
100
1000
2500
5000
10000
100000

CDI value
scrambled
siRNA

T2R10
siRNA

1.02
1.04
1.03
1.00
0.96
0.93
0.94
0.92

1.04
1.07
1.05
1.02
1.00
0.95
0.96
0.91

The fact that in PANC-1 caffeine-induced effects
were also seen in cells with reduced T2R10 expression
suggested involvement of other receptors or
alternative triggering mechanisms of caffeine.
Possibly, caffeine does not exclusively act through
T2R10, but uses also other bitter receptors. It is quite
common that bitter tasting substances engage with
more than one receptor, and the receptors are
promiscuous as well. For caffeine, interactions with
T2R7, T2R43, and T2R46 on other cells have been
described [12]. Our own, not yet published data,
showed expression of T2R43 and T2R46 in PDAC,
supporting the notion of multiple receptor
engagement. Though not tested rigorously, PANC-1
expressed less T2R10 than BxPC-3, suggesting that
receptors other than T2Rs mediated the caffeine effect.
On the other hand, also direct effects of caffeine are
possible, because among others, it acts as a
non-selective inhibitor of phosphodiesterases [59, 60],
which leads to increasing levels of intracellular cyclic
adenosine nucleotide monophosphate (cAMP) [61], a
key second messenger involved in regulation of
cellular growth in pancreatic cancer cells [62-64].
Moreover, amphiphilic bitter substances, such as
caffeine, in high doses stimulate G-proteins directly,
in addition to its activation via the G-protein-linked
T2R receptors [65]. Since mechanisms of
chemoresistance are usually multifactorial, the
observed increase in drug susceptibility could be the

result of a summation of several different pathways
affected by caffeine.
In conclusion, we have shown for the first time
expression of the bitter receptor T2R10 in PDAC, and
its involvement in signaling pathways relevant to
chemoresistance. Our data support the concept that
triggering bitter receptor T2R10 on pancreatic tumor
cells is a means to overcome chemoresistance.

Supplementary Material
Supplementary figure 1.
http://www.jcancer.org/v09p0711s1.pdf
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