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Abstract The 25 bitter taste receptors (T2Rs) in humans
perform a chemosensory function. However, very little is
known about the level of expression of these receptors in
different tissues. In this study, using nCounter gene
expression we analyzed the expression patterns of human
TAS2R transcripts in cystic fibrosis bronchial epithelial
(CuFi-1), normal bronchial epithelial (NuLi-1), airway
smooth muscle (ASM), pulmonary artery smooth muscle
(PASM), mammary epithelial, and breast cancer cells. Our
results suggest a specific pattern of TAS2R expression with
TAS2R3, 4, 5, 10, 13, 19, and 50 transcripts expressed at
moderate levels and TAS2R 14 and TAS2R20 (or TASR49)
at high levels in the various tissues analyzed. This pattern
of expression is mostly independent of tissue origin and the
pathological state, except in cancer cells. To elucidate the
expression at the protein level, we pursued flow cytometry
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analysis of select T2Rs from CuFi-1 and NuLi-1 cells. The
expression levels observed at the gene level by nCounter
analysis correlate with the protein levels for the T2Rs
analyzed. Next, to assess the functionality of the expressed
T2Rs in these cells, we pursued functional assays mea-
suring intracellular calcium mobilization after stimulation
with the bitter compound quinine. Using PLC inhibitor,
U-73122, we show that the calcium mobilized in these cells
predominantly takes place through the Quinine-T2R-
Gofpy-PLC pathway. This report will accelerate studies
aimed at analyzing the pathophysiological function of
T2Rs in different extraoral tissues.

Keywords Bitter taste receptor gene (TAS2R) - Bitter
taste receptor protein (T2R) - G protein-coupled receptor
(GPCR) - nCounter® gene sequencing - Cystic fibrosis
bronchial epithelial cells (CuFi-1) - Normal bronchial
epithelial cells (NuLi-1) - Airway smooth muscle cells
(ASMCs) - Breast cancer cells (MDA-MB-231)

Introduction

Bitter taste receptors (T2Rs) belong to the G protein-cou-
pled receptor (GPCR) superfamily. In humans, there are 25
T2Rs which are distinct from other classes of GPCRs and
considered as a separate group [1]. T2Rs are known for
their primary role in bitter taste perception, one of the five
basic taste modalities in mammals [2]. The nomenclature
was based on their initial discovery in the oral cavity and
for their vital role in the evaluation of quality and nutritious
value of food [2, 3]. T2Rs were also discovered in the gut
and were suggested to have evolved as a central warning
signal to induce aversion towards noxious or harmful
substances [4].
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Several recent studies have demonstrated the expres-
sion of T2Rs in extraoral tissues in different model sys-
tems reviewed in [5]. T2Rs were suggested to exhibit
distinct functions with respect to the tissue in which they
are expressed. The initial evidence for extraoral expres-
sion of taste receptors came from the discovery of a-
gustducin in the gut [6]. Following these studies, the
expression of T2Rs was shown in the gastrointestinal (GI)
tract where they function in sensing luminal contents and
GI hormones [4]. Successive investigations have expan-
ded the expression and function of T2Rs to the detection
of bacterial stimulants in upper airways, bronchodilation
in lower airways, vasoconstriction in vasculature, nutrient
sensing in heart, spermatogenesis in testis, regulation of
thyroid-stimulating hormone (TSH)-dependent functions
in thyroid, anti-inflammation and sensing quorum-sensing
molecules in immune system, and keratinocyte differen-
tiation in skin [7-15]. Despite the reports on the expres-
sion of functional T2Rs in brain, breast cancer, and bone
marrow cells, their exact role in these tissues remains to
be elucidated [16-18].

T2Rs like most other GPCRs are endogenously
expressed at very low levels. The expression and distri-
bution (or number) of T2Rs varies considerably among
different tissues. Most of the previous studies employed
RT-PCR, gPCR and microarray techniques to analyze the
gene expression of TAS2Rs [19]. These techniques that
require library preparation and/or pre-amplification can
introduce bias in the results [20]. In general, the expres-
sion levels of genes and the proteins they code might vary
in different tissues, depending on a number of physio-
logical conditions. Our hypothesis is that T2Rs might be
differentially expressed in different extraoral tissues and
in normal versus pathophysiological conditions. To test
this hypothesis, in this study we used state-of-the-art
nCounter gene expression analysis to characterize the
expression of the 25 human TAS2Rs in different tissues
including cell lines from pathological conditions. Our
results suggest a specific pattern of TAS2R expression
with TAS2R7, 16, 38, 39, 40, 41, and 42 at barely
detectable levels, TAS2R1, 8, 9, and 60 at low levels,
TAS2R3, 4, 5, 10, 13, 19, and 50 at moderate levels, and
TAS2R14 and TAS2R20 (or TAS2R49) at high levels.
This pattern of expression is mostly independent of tissue
origin and the pathological state, except in breast cancer
cells.

Next, we analyzed the protein expression of select T2Rs
in CuFi-1 and NuLi-1 airway cells by flow cytometry. To
test the T2R signaling pathway, we treated NuLi-1 and
CuFi-1 cells with U-73122 (PLC inhibitor) and measured
their activation by the bitter ligand, quinine. Treatment
with U-73122 caused a dramatic inhibition of quinine-
mediated intracellular calcium response. This suggests that

@ Springer

majority of the intracellular calcium mobilized in these
cells upon quinine treatment is due to the activation of
T2Rs.

Materials and methods
Materials

Cell culture media and culture supplements were purchased
from Invitrogen and ThermoFisher Scientific (Burlington,
ON, Canada), Lonza, and Cedarlane (Burlington, ON,
Canada). RNA isolation kit and cDNA synthesis kit were
purchased from Qiagen (Toronto, ON, Canada) and Invit-
rogen. The nCounter CodeSets for TAS2Rs and the tissue
markers were purchased from NanoString Technologies
(Seattle, WA, USA). The HUGO gene nomenclature is
used wherever the genes are mentioned. The polyclonal
antibodies for flow cytometry analysis are rabbit anti-T2R3
(OAAF05229) and rabbit anti-T2R5 (OASG06985) pur-
chased from Aviva Systems Biology (San Diego, CA,
USA), rabbit anti-T2R4 (OSR00153 W, whole serum)
from Thermo Scientific (Burlington, ON, Canada), rabbit
anti-T2R10 (sc-169473), goat anti-T2R20 (T2R49) (sc-
34531), goat anti-T2R38 (sc-34294) purchased from Santa
Cruz Biotechnology (Dallas, TX, USA), and mouse anti-
B>AR monoclonal antibody (MCA2784) purchased from
Bio-Rad (Mississauga, ON, Canada). Isotype controls such
as normal rabbit serum (sc-2338), normal rabbit IgG (sc-
3888), normal mouse I1gG (12-371), and normal goat 1gG
(sc-3887) were purchased from Santa Cruz Biotechnology.
The phospholipase C inhibitor (U-73122) and quinine
hydrochloride were purchased from Sigma-Aldrich (Tor-
onto, ON, Canada).

Cell culture

Human bronchial epithelial cells from normal lung with
immortalized E6/E7 and hTERT expression (NuLi-1,
CRL-4011) and human airway epithelial cells from a
cystic fibrosis (CF) patient homozygous for AFS508/A
F508 and immortalized with E6/E7 and hTERT expres-
sion (CuFi-1, CRL-4013) were purchased from ATCC.
The cells were grown in cell culture plates coated with
human placental collagen type IV as recommended by
ATCC and maintained in serum-free bronchial epithelial
cell growth medium from Lonza (BEGM Bullet Kit; CC-
3170). Human mammary epithelial cell line MCF-10A
and the highly invasive breast cancer cell line MDA-MB-
231 were kind gifts from Dr. James Davie and Dr. Eti-
enne Leygue, Research Institute in Oncology and Hema-
tology, Winnipeg, Canada. MCF-10A cells were
maintained in DMEM supplemented with 5% horse
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serum, hydrocortisone (0.5 pg/ml), insulin (10 pg/ml),
epidermal growth factor (20 ng/ml), and penicillin—strep-
tomycin (100 pg/ml each). MDA-MB-231 cells were
cultured in DMEM supplemented with 10% serum.
Human pulmonary artery smooth muscle cells
(hPASMCs) were purchased from ATCC, and human
airway smooth muscle cells (hASMCs) were a kind gift
from Dr. Andrew Halayko, Biology of Breathing, Chil-
dren’s Hospital Research Institute of Manitoba. hPASMCs
were grown in a vascular cell basal medium supplemented
with hPASMC growth kit [10]. hASMCs were grown in
DMEM supplemented with 10% serum. All cells were
maintained in an incubator at 37 °C supplied with 5%
COs,.

mRNA preparation

Total RNA from the cells was isolated according to the
manufacturer’s instructions using the RNeasy Mini kit
(Qiagen, Canada). The concentration and purity of the
RNA were determined using a NanoDrop 2000 (Ther-
mokFisher Scientific, Canada).

nCounter gene expression analysis

nCounter sequencing was performed at the Farncombe
Metagenomics Facility, McMaster University, Canada.
All the procedures were performed according to the rec-
ommendations from NanoString technologies. The quality
of extracted mRNA was analyzed by a BioAnalyzer, and
based on the RNA integrity number and the 28S/18S
ratios, only intact RNA of good quality was used in
nCounter sequencing and data analysis. From each sam-
ple, 100 ng of RNA was hybridized to the custom-de-
signed CodeSets sequences. The details of the CodeSets
are shown in Table 1. Six synthetic positive control
templates and the corresponding probes are built into the
CodeSets by NanoString technologies. The positive con-
trols are used to confirm that the hybridization worked
and to normalize for technical variation. Eight negative
control probes were also built into the CodeSet by
NanoString technologies, but there was no matching
template sequence added for them to bind to and these are
used to monitor background-level hybridization. Data
analysis was performed using the nSolver™ 2.0 analysis
software (NanoString technologies). The geometric mean
of negative controls was used for background subtraction.
This was followed by positive control normalization
where the raw counts were normalized using the geo-
metric mean of the 6 positive control probes provided in
the probe set. The data are represented as nCounter val-
ues. One count of the nCounter value can be interpreted
as one mRNA transcript in 100 ng of RNA.

Analysis of cell surface expression of T2Rs
by Fluorescence-Activated Cell Sorter (FACS)

FACS analysis of selected T2Rs was performed on NuLi-1
and CuFi-1 cell lines using BD FACS Canto machine as
described previously [17]. 50,000 viable cells were col-
lected for the experiment and washed 2-3 times with FACS
buffer containing 0.5% BSA in PBS and stained with pri-
mary anti-T2R polyclonal antibodies at 1:200 dilution for
T2R3 and T2RS, 1:300 for T2R4, T2R10, T2R20 (T2R49),
and T2R38, and monoclonal antibody at 1:25 dilution for
B>AR (positive control). Appropriate rabbit serum, rabbit
IgG, or goat IgG were used as isotype controls, and only
cells were kept as negative controls and incubated on ice
for 1 h. Subsequently, the cells were washed with FACS
buffer and incubated with the respective secondary anti-
body conjugated with Alexa Fluor-488 (1:1000) in dark on
ice for 1 h. The cells were washed and then resuspended in
300 pl FACS buffer for analysis. 10,000 events were col-
lected and the results were analyzed using FACS Diva or
FlowJo software. The mean fluorescence intensity (MFI)
values of isotype controls were subtracted to analyze pro-
tein expression.

Calcium mobilization assay

Calcium mobilization assays were performed as described
earlier [17]. NuLi-1 and CuFi-1 cells (0.5 x 105) were
plated in a collagen-coated 96-well black-walled BD
Optilux plate and incubated in 5% CO, incubator for 24 h.
Briefly, concentration-dependent changes in intracellular
calcium induced by the bitter compound quinine in NuLi-1
and CuFi-1 cells and the same cells treated with the PLC
inhibitor, U-73122 (5 pM for 30 min prior to quinine
addition), were measured. Changes in intracellular calcium
mobilized as detected by calcium-sensitive dye Fluo 4NW
(Invitrogen) were measured in RFUs. Data represent four
independent experiments with each data point in triplicate.
ECsy values were calculated using GraphPad PRISM
software.

Results and discussion

The T2R subfamily with 25 TAS2Rs are next only to
olfactory and adhesion receptors in numerical strength
among the ~700 GPCRs in humans. In this study, we used
the state-of-the-art gene sequencing technique, the
nCounter platform, to analyze the expression of the 25
TAS2Rs. This technique is based on the hybridization of
complementary probe sequences spanning 100 nucleotide
bases for each gene. Thus, it made it difficult to design
specific probes or CodeSets for TAS2Rs 30, 31, 43, 45, and
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Fig. 1 The mRNA expression levels of TAS2Rs in NuLi-1 and CuFi-
1 cells. The nCounter analysis was performed as described in the
“Methods” section. nCounter values were represented on the Y axis
and the genes analyzed on the X axis. One count of the nCounter
value can be interpreted as one mRNA transcript in 100 ng of total
RNA. Connexin-43 (GJA1) gene was included as an epithelial cell

46 which share a high degree of sequence similarity of
>92% (Fig. S1, supplementary material). The designed
CodeSets could not differentiate between these five
TAS2Rs (Table 1). Therefore, wherever listed, the
nCounter value represents the total expression of those five
TAS2Rs. Nevertheless, the nCounter sequencing technique
has many advantages. It allows multiplexed measurement
of mRNA transcripts in a single reaction without the
requirement for reverse transcription and pre-amplification
for analysis of 100 ng or more of nucleic acid target.
nCounter sequencing utilizes molecular barcodes that
enable direct digital detection of individual mRNA tran-
scripts [21].

NuLi-1 and CuFi-1 cells are immortalized bronchial
epithelial cell lines derived from a normal and a cystic
fibrosis patient, respectively. The nCounter gene expres-
sion analysis showed no statistically significant differences
in TAS2R expression between these two cell types (Fig. 1).
Based on the nCounter values, TAS2R14 and 20 (or 49)

@ Springer

marker and the gene for the vasoconstrictor receptor, thromboxane A,
receptor (TBXA2R), was used as an additional reference. Results
presented are from two independent preparations and all values shown
represent the average value. No significant difference in the
expression of TAS2Rs was observed between the two cell lines

showed higher expression levels, followed by TAS2R3, 4,
5, 50 and then TAS2R10, 13, and 19. The other TAS2Rs
showed very low or barely detectable expression. Next, we
pursued characterizing TAS2R expression in normal
mammary epithelial cell line MCF-10A, the highly inva-
sive breast cancer cell line MDA-MB-231, and in hASMCs
and hPASMCs (Figs. 2, 3). As observed in the case of
NuLi-1 and CuFi-1, the expression patterns of the different
TAS2Rs were similar. However, the mammary epithelial
cell lines showed statistically significant difference in
expression between the normal and cancerous cell lines for
TAS2R14 and 20 (or 49), the two highly expressed
TAS2Rs (Fig. 2). Although TAS2R30/31/43/45/46 showed
statistically significant differential expression between the
cell lines, given the ambiguity with the CodeSet for these
five TAS2Rs, their individual transcript levels could not be
confirmed. In smooth muscle cells from airways and pul-
monary artery, similar TAS2R expression pattern was
observed, which correlates with PCR and microarray data
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Fig. 2 The mRNA expression levels of TAS2R genes in normal
breast epithelial cells MCF-10A and in highly invasive breast cancer
cells MDA-MB-231. The MDA-MB-231 cell line is estrogen receptor
(ESR1) negative, and ESR1 was used as a control gene. nCounter
values were represented on the Y axis and the genes analyzed were on

for these cells from previous studies [10, 18, 22]. These
earlier analysis in ASMCs showed a similar pattern of
expression for most of the TAS2Rs except TAS2R10 being
more abundant than TAS2R14 followed by TAS2R31,
which were termed as ‘high expressors’ with respect to the
expression of ADRB2 [22]. The other TAS2Rs (TAS2R3,
4, 5, 19, 20, 45, 50, 30, 9, 13, 42, 46, 1, and 8) were
considered as modest and the rest as low expressors.
Moreover, the levels of expression of these TAS2Rs cor-
relate with the receptor function in response to their
respective agonists.

It is unclear whether pathological conditions influence
the expression or regulation of TAS2Rs. In previous
studies, qPCR analysis on healthy and diseased human
heart tissues showed a similar pattern of TAS2R transcript
expression [11, 23]. In one of these studies, an in silico
analysis was also performed and no relative changes were
demonstrated in both healthy and diseased hearts [23].
Another evidence for this paradigm was also observed
between asthmatic and non-asthmatic hASMCs [24]. Our

the X axis. The expression of TAS2R14 and 20 showed a significant
difference between MCF-10A and MDA-MB-231. Data presented are
from two independent experiments and the values are plotted as
mean £+ SEM. The results were analyzed using two-way ANOVA.
Statistically significant values are shown by asterisk

data that suggest no differential expression of TAS2Rs in
CF vs. non-CF airway cell lines are in agreement with
those reported in these studies. Interestingly, the TAS2R
expression in cancer cells seems to go against this pattern.
Given the nature of changes that take place in a cancerous
cell, these cells are expected to undergo significant alter-
ations in morphological and mechanistic characteristics
compared to a normal cell. This might explain the observed
differential expression of TAS2Rs in MCF10A and MDA-
MB-231 cells (Fig. 2). Connections between bitter taste
compounds and cancer have been studied before. For
instance, increasing coffee consumption lowers the risk of
hepatic carcinoma and the bitter compound cromolyn
reduces the risk of pancreatic cancer [25]. Likewise, bitter
compounds like lupulones from hops or epigallocatechin
gallate from green tea induce apoptosis of tumor cell lines
[26, 27]. In addition, PLCP is known to be involved in
cancer. It was reported that increased chemokines in the
tumor microenvironment activate PLCPB through GPCRs
and increase tumor cell migration and invasion [28]. The
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Fig. 3 The mRNA expression levels of TAS2Rs in hASMCs and
hPASMCs. The nCounter analysis was performed as described in the
“Methods” section. nCounter values were represented on the Y axis
per 100 ng of RNA analyzed and the genes on the X axis. TBXA2R

involvement of PLCP in breast cancer invasion was also
reported [29]. Our recent study suggests the differential
expression of T2Rs in breast cancer cells [17]. Character-
ization of the expression and function of T2Rs in breast
cancer might reveal their involvement in breast cancer
invasion and apoptosis. This would aid in developing
strategies to prevent and/or treat breast cancer.

To confirm the validity of the nCounter gene expression
data, we analyzed the protein levels of select T2Rs in CuFi-
1 and NuLi-1 airway cells by FACS. The main rationale for
selecting these few T2Rs is based on the commercial
availability of antibodies targeting the extracellular side of
these T2Rs. The specificity of the antibody for the extra-
cellular side is important, as it would allow the detection of
T2Rs expressed on the cell surface, hence eliminating the
need to permeabilize the cells. FACS analysis showed a
similar protein expression trend as observed with the
nCounter gene analysis, except for T2R4 (Fig. 4). The
discrepancy in T2R4 expression at genetic and protein
levels could be due to the polyclonal antibody used. It

@ Springer

gene is included as a reference. Differential expression levels of
TAS2Rs were observed in both cell lines, which is in agreement with
previous studies

should be noted that monoclonal antibodies for T2Rs are
currently not available, and the approaches used to raise
these different T2R polyclonal antibodies might vary.
Apart from studying the expression of T2Rs in different
organs and tissues, it is important to study their function-
ality. In our previous studies, we showed that T2Rs
expressed in brain, breast epithelium, and vasculature are
functional [10, 16, 17]. Thus, in order to analyze whether
the endogenous T2Rs expressed in bronchial epithelium
are functional, we pursued calcium mobilization assays on
NuLi-1 and CuFi-1 cells. We used the bitter compound
quinine, which is known to activate multiple T2Rs [30].
These include T2R4, T2R7, T2R14, T2R39, T2R40,
T2R43, T2R44, and T2R46 expressed in CuFi-1 and NuLi-
1 cells (Fig. 1). Treatment of CuFi-1 and NuLi-1 cells with
quinine caused a dose-dependent increase in intracellular
calcium mobilization with ECsy values of 758 4 77 and
925 4 207 uM, respectively (Fig. 5a). This suggests that
the T2Rs expressed in these cells are functional. However,
no statistically significant change in the ECs, values was
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Fig. 4 Analysis of cell surface expression of endogenous T2Rs
expressed in NuLi-1 and CuFi-1 cells by FACS. To confirm the
expression of selected T2Rs at protein level, the cells were surface
stained with polyclonal anti-T2R antibodies (1:200 or 1:300),
monoclonal anti-B,AR antibody (positive control), and the corre-
sponding secondary antibody conjugated with Alexa Fluor-488
(1:1000). The data represent at least two independent experiments
and the expression was presented as mean fluorescence intensity
(MFI). To analyze the T2R-specific protein expression, the MFI
values of isotype controls were subtracted. Two-way ANOVA with
Bonferroni post hoc test was performed and no statistical significance
was observed between CuFi-1 and NuLi-1 cells

observed for quinine treatment between the two cell lines,
indicating that the disease-causing mutations may not
influence the function of T2Rs in bronchial epithelium. T2Rs
signal predominantly through the heterotrimeric Gay pro-
tein—phospholipase C (PLC)-dependent pathway leading to
intracellular calcium mobilization. The PLC inhibitor,
U-73122, inhibits the coupling of Gafy protein—phospholi-
pase C activation, making it a very useful tool to validate the

T2R-Gopy-PLC—Ca** pathway in these cells [9, 31, 32]. To
further confirm that the above-observed functional response
upon quinine treatment is through T2R signaling pathway,
we treated NuLi-1 and CuLi-1 cells with U-73122 and
measured their activation by quinine. Treatment with
U-73122 caused a dramatic inhibition of quinine-mediated
calcium response resulting in a right shift of the curves with
EC5q values of 2206 £ 23 and 1664 + 59 puM observed for
CuFi-1 and NuLi-1 cells, respectively (Fig. 5a, b). This
suggests that majority of the intracellular calcium mobi-
lization observed in these cells is due to the activation of
T2Rs. To the best of our knowledge, this is the first study
reporting the presence of functional T2Rs in the CF and non-
CF bronchial epithelial cell lines.

Cell lines offer a unique and unparalleled advantage
when trying to elucidate the role of novel cellular signal
transduction pathways. Our results suggest a specific pat-
tern of TAS2R expression with TAS2R3, 4, 5, 10, 13, 19,
and 50 transcripts expressed at moderate levels and
TAS2R14 and TAS2R20 (or 49) at high levels. The tran-
scripts for the rest of the TAS2Rs are barely detectable or
expressed at very low levels. Interestingly, TAS2R in non-
cancerous vs. breast cancer cells shows differential
expression which is not observed in other pathological cell
lines analyzed. This study suggests the significant expres-
sion of a number of TAS2Rs in different tissues in both
normal and pathophysiological conditions. The pathologi-
cal environment in diseased conditions may regulate T2R
functions and was recently reviewed elsewhere [5, 33].
Studies directed at understanding the functions of T2Rs in
these extraoral tissues are much needed.
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Fig. 5 Functional response of CuFi-1 and NuLi-1 cells to the bitter
agonist quinine. a Concentration-dependent changes in intracellular
calcium induced by the bitter compound quinine (70-5000 pM) in
CuFi-1 and NuLi-1 cells and the same cells treated with the PLC
inhibitor, U-73122 (5 uM for 30 min prior to quinine addition).
Changes in intracellular calcium mobilized as detected by calcium-
sensitive dye Fluo 4ANW (Invitrogen) were measured in RFUs. Data
represent four independent experiments with each data point in
triplicate. For the measurement of dose-response curve, signals of
10-15 wells receiving the same concentrations of quinine were

averaged. The ECsq values for quinine in CuFi-1 and NuLi-1 cells are
758 £ 77 uM and 925 £ 207 pM, respectively. Treatment with PLC
inhibitor, U-73122, as described in the “Methods” section caused a
dramatic inhibition of quinine-mediated calcium response. ECsq
values and regression analysis were calculated using GraphPad Prism
5.0 software. b Representative calcium traces of untreated CuFi-1 and
NuLi-1 cells, and cells treated with U-73122 (5 uM for 30 min prior
to quinine addition) and stimulated with quinine (625 pM). Arrows
indicate the time point (20 s) at which the bitter agonist quinine was
added
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