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Abstract. Hypopharyngeal squamous cell carcinoma (HSCC)
is a malignant tumor found in the head and neck region. Lactate
receptor 1, also known as G protein‑coupled receptor81
(GPR81), has been reported to play a vital role in cancer growth
and metabolism. However, the function of GPR81 in HSCC
remains largely unknown. The present study investigated the
effect of GPR81 on cell survival and GPR81‑mediated energy
metabolism under cisplatin treatment in HSCC. GPR81
knockdown reduced the proliferation and invasion of the
human HSCC cell line FaDu. Furthermore, GPR81 silencing
combined with cisplatin treatment increased the expression of translocase of outer mitochondrial membrane 20 at
the mRNA and protein levels (P<0.05). mRNA and protein
expression of phosphofructokinase 1 in mRNA appeared to
be downregulated in GPR81 knockdown FaDu cells treated
with cisplatin, although this was not statistically significant.
GPR81 silencing and cisplatin challenge showed no significant upregulation compared with the control, but significant
downregulation in mRNA and protein levels compared with
the shRNA‑scramble group. Apoptosis was measured by
flow cytometry with annexin V and 7‑aminoactinomycin D.
GPR81 silencing and cisplatin led to an increased apoptotic
rate. Moreover, absence of GPR81 combined with cisplatin
exposure increased caspase‑3 expression and decreased Bcl‑2
levels. The results of the present study suggested that GPR81
and cisplatin sensitivity played an important role in HSCC
growth and metabolism.
Introduction
Head and neck cancer is historically common and lethal in
adults worldwide (1). As a frequently occurring malignancy,
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hypopharyngeal squamous cell carcinoma (HSCC) is a major
focus of research due to its high morbidity and mortality
rates. The incidence of HSCC, regardless of age and sex,
has increased, particularly in the developing world (2). Risk
factors for HSCC include alcohol use, tobacco exposure, betel
quid chewing, HPV infection and personal history, such as
genetics, toxin exposure, diet and environmental factors (3,4).
Due to advances in diagnostic and therapeutic modalities, the
survival rate for hypopharyngeal cancer has improved since
1990 (5). However, ~3,000 new cases are diagnosed annually
in the USA (6). Thus, a better understanding of the molecular
mechanisms underlying HSCC progression will likely provide
insight regarding the treatment of HSCC on an individual
basis.
Tumors have large bio‑energetic requirements for the
maintenance of cell growth and proliferation. The hypoxic
and glucose‑poor tumor micro‑environment requires tumor
cells to alter their metabolic patterns to adapt to these conditions (7). A high rate of glycolysis, with production of lactate
and decreasing mitochondrial oxidative phosphorylation
(OXPHOS) metabolism is a universal phenomenon in carcinoma cells (8,9), which results in the accumulation of lactate
within cells. Lactate in the tumor micro‑environment is catalyzed by lactate dehydrogenase to synthesize pyruvate, and
provide metabolic fuel for OXPHOS.
Lactate also takes part in the production of ATP, as part
of the tricarboxylic acid cycle (10,11), and can also be used
as a substrate for gluconeogenesis (12). In the process of
energy metabolism, the accumulation of lactate tends to rely
on the cell membrane receptor G‑protein coupled receptor 81
(GPR81) and monocarboxylase transporters (MCTs). GPR81 is
mainly expressed in adipocytes, skeletal muscle and brain, and
is involved in energy metabolism (13‑15). Previously, GPR81
was observed to be important in various types of cancer,
participating in cell survival, metastasis, tumor growth and
chemoresistance (16‑18). GPR81 is activated by lactate, which
inhibits the conversion of ATP to cAMP (19). MCT1 has a
high affinity binding ability for lactate and is mainly responsible for lactate uptake (20,21). Roland et al (18) demonstrated
that GPR81 is important for cancer cell regulation of lactate
transport mechanisms, and alters the expression of MCT1 and
MCT4 in the presence of lactate and glucose.
Phosphofructokinase 1 (PFK‑1) is a primary control enzyme
in the glycolytic pathway, which catalyzes the phosphorylation
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of fructose 6‑phosphate to fructose 1,6‑bisphosphate, accompanied by ATP conversion to ADP. In tumors, PFK‑1 levels are
increased compared with non‑tumor cells (18,22), suggesting
that PFK‑1 might be a functional biomarker of abnormal
energy metabolism. As a key rate‑limiting enzyme, the modification and alteration of PFK‑1 in glycolysis can disturb the
glycolytic pathway and result in metabolic disorders.
Tumor cells consume glucose through anaerobic glycolysis
and generate lactate and ATP even in the presence of oxygen,
which is known as the Warburg effect (23). Glycolysis and
OXPHOS co‑exist in cancer cells and facilitate tumorigenesis
and metastasis (24).
Translocase of the outer mitochondrial membrane 20
(TOMM20) is a key subunit of the TOM complex and a vital
mitochondrial transport protein. TOMM20 is regarded as a
positive marker of OXPHOS (25) and is associated with many
malignant tumors (25,26).
Lactate, which is mainly generated by glycolysis in tumors,
was recently identified as a major fuel for OXPHOS and an
activator of energy conversion signaling pathways (27). To the
best of the authors' knowledge, only a few previous publications have studied the effect of GPR81 silencing and cisplatin
treatment on cell survival and energy metabolism in HSCC.
Therefore, in the present study, several factors associated
with glycolysis and OSPHOS were analyzed. The molecular
role of GPR81 in the HSCC cell line FaDu was investigated.
Furthermore, the influence of silencing GPR81 combined
with cisplatin on the expression of PFK‑1 and TOMM20
was studied, in order to identify the role played by GPR81 in
glycolysis and OXPHOS, in the context of HSCC. The effect of
GPR81 knockdown combined with cisplatin treatment on cell
survival was also examined.
Materials and methods
Cell lines and cell culture. The human FaDu cell line is
derived from hypopharyngeal carcinoma. FaDu cells obtained
from China Center For Type Culture Collection were cultured
in RPMI‑1640 (Gibco, Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS (Hyclone; GE Healthcare Life
Sciences), 100 U/ml penicillin, 100 mg/ml streptomycin and
0.1 M HEPES in a humidified atmosphere containing 5% CO2
at 37˚C.
Plasmid construction. The interference plasmids containing
human short hairpin shRNA (shRNA)‑GPR81 (also known as
hHCAR1) and shRNA‑scramble were obtained from Cyagen
Biosciences, Inc. The shRNA‑GPR81 plasmid effectively
inhibited the expression of GPR81, and the shRNA‑scramble
plasmid acted as a control.
GPR81 knockdown and cell challenge. In order to inhibit the
expression of GPR81, FaDu cells were transfected with 2.5 µg
shRNA‑GPR81 plasmid and 2.5 µg shRNA‑scramble plasmid
was used as a control. Transfections were carried out using
Lipofectamine® 3000 reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
Transfection efficiency was determined in the experimental
group and the control group by western blot analysis.
Following transfection for 48 h, the transfected cells were then

challenged for 24 h with cisplatin at concentrations of 0, 0.5, 1,
2 and 5 µg/ml. Each group was plated in triplicate. Cells were
collected for RNA and protein extraction.
Cell proliferation assay. Following transfection with
shRNA‑GPR81 and shRNA‑scramble plasmid for 48 h, cells
were seeded into a 96‑well plate at a density of 5x103 cells/well
and stimulated with 5 µg/ml cisplatin. Cell proliferation was
evaluated using Cell Counting Kit‑8 reagent (CCK‑8; Beyotime
Institute of Biotechnology) according to the manufacturer's
protocol. The proliferation of FaDu cells was measured by
the absorbance at a wavelength of 450 nm (OD450; where OD
indicates optical density).
Transwell Matrigel™ invasion assay. The invasive capacity
of FaDu cells transfected with shRNA‑GPR81 was assessed
with Transwell Matrigel invasion assays. A 24‑well chamber
covering Matrigel™‑coated (diluted 1:3 in serum‑free medium
on ice; 100 µl/cm 2) membranes with a pore size of 8 µm
(Corning, Inc.) was used to assess cell invasion. Transfected
cells were diluted in serum‑free medium to a concentration
of 1x105 cells/ml. Cell suspensions (100 µl) were added to
the upper chamber, and the lower chamber was injected with
500 µl cell culture medium containing 20% FBS. Cells were
incubated for 24 h at 37˚C with 5% CO2.
The upper chamber was washed with PBS twice and cells
under the chamber membrane were fixed with 4% paraformaldehyde for 5‑10 min at 4˚C, then stained with 1% crystal violet
for 10 min at room temperature. The stained cells were washed
with PBS twice to wipe the staining fluid off of the membrane.
Cells were passed through the filter, and cotton tips were
used to remove cells remaining on the upper membrane. The
invasion of cells was evaluated with an inverted fluorescent
microscope (magnification, x200, Olympus). Each group was
set triplicate wells.
Semi‑quantitative‑PCR. Total RNA derived from challenged FaDu cell lines was isolated using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.), according to
the manufacturer's protocol. The quality of total RNA was
detected by electrophoresis on a 1.2% agarose gel. The
concentration of RNA was measured using a NanoDrop
2000c Spectrophotometer (Thermo Fisher Scientific, Inc.).
First strand cDNA was synthesized from total RNA using
Fast Reverse Transcriptase (Tiangen Biotech Co., Ltd.),
following the manufacturer's instructions. Semi‑quantitative
PCR was used to detect mRNA expression levels of related
genes. The PCR product was visualized by agarose gel
containing 0.5 mg/ml ethidium bromide (EB). And the
grey scale value of PCR band was analyzed with ImageJ
software v1.8.0 (National Institutes of Health). The primers
were designed to amplify specific fragments. The primer
sequences of detected genes are presented in Table I.
The amplification was performed in a total volume of
20 µl, containing 10 µl 2X Taq PCR Master Mix (Tiangen
Biotech Co., Ltd.), 1 µl diluted cDNA (1 µg/µl), 0.5 µl each
primer (10 µM) and 8 µl nuclease‑free water. Thermocycling
conditions for GPR81, TOMM20, PFK‑1 and actin genes were
as follows: 94˚C for 3 min as initial denaturation, 35 cycles of
94˚C for 30 sec, 56˚C for 30 sec, 72˚C for 40 sec, then 72˚C
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Table I. Primer sequences.
Name

Sequence, 5'‑3'

Length, nucleotides

GPR81‑F1
TGGCTGCGGACAGGTATT
GPR81‑R1	CCAAACAATCTTGAAGGAGC	
TOMM20‑F1
GACCGCAAAAGACGAAGTG
TOMM20‑R1
GGAACACTGGTGGTGGAAG
PFK‑1‑F1
TCAGAAGAGGGCAAAGGC	
PFK‑1‑R1
GCTTGAGCCACCACTGTTCT
MCT1‑F1
TCAAAATAGTCCGATGCC	
MCT1‑R1
TGCTGTTTTCCTTCTGCC	
Caspase‑3‑F1
GAATGACATCTCGGTCTGGT
Caspase‑3‑R1
TGTCTCAATGCCACAGTCC	
Bcl‑2‑F2
TCCAGGATAACGGAGGCT
Bcl‑2‑R2	CACTTGTGGCTCAGATAGGC	
β‑actin‑F1
TTGGCAATGAGCGGTTCC	
β‑actin‑R1
GAAGGTGGACAGCGAGGC	

18
20
19
19
18
19
18
18
20
19
18
20
18
19

Tm, ˚C
58.8
57.8
57.3
58.2
58.6
58.4
51.0
53.9
54.1
53.8
54.9
55.5
58.3
57.2

Tm, melting temperature; F, forward; R, reverse; GPR81, G protein‑coupled receptor 81; PFK‑1, phosphofructokinase; TOMM20, translocase
of outer mitochondrial membrane 20; MCT1, monocarboxylase transporter 1.

extension for 10 min. For caspase‑3 and Bcl‑2, the same thermocycling conditions were used, except for annealing, which
was carried out at 53˚C for 30 sec. The annealing temperature
of MCT1 was 51˚C, and the other steps were identical to other
genes. All PCR products were held at 16˚C at the final stage of
PCR before detection on an agarose gel.
Western blotting. Cells were lysed with cold RIPA protein lysis
buffer supplemented with protease inhibitor (Beijing Solarbio
Science & Technology Co., Ltd.), then placed on a horizontal
shaking table for 40 min at 4˚C. Split samples were centrifuged
at 12,000 x g for 20 min at 4˚C. The supernatant was collected to
determine protein density using a BCA Protein Assay kit (Beijing
Solarbio Science & Technology Co., Ltd.). The isolated protein
was added to 6X SDS‑PAGE loading buffer and boiled for 10 min
at 99˚C. The denatured protein (~40 µg) was first separated by
SDS‑PAGE on pre‑cast polyacrylamide gels (12% separating
gel; 5% stacking gel), then transferred to a wet polyvinylidene
fluoride membrane. The transferred membrane was dipped in
5% bovine serum albumin at 37˚C for 1 h, then incubated with
primary antibodies (GPR81, Abcam, cat. no. ab106942, 1:1,000;
PFK‑1, Santa Cruz Biotechnology, Inc., cat. no. sc‑166722,
1:1,000; TOMM20, Abcam, cat. no. ab186734, 1:1,000; ß‑actin,
Santa Cruz Biotechnology, Inc., cat. no. sc‑47778, 1:2,000) at
4˚C overnight. Antibody dilutions were made according to the
manufacturer's protocol. The membrane was washed with TBS
with Tween‑20 for 5 min three times. The membrane was then
incubated with HRP‑conjugated goat anti‑rabbit IgG antibody
(Abcam, cat. no. ab181662, 1:2,000) at room temperature for 2 h.
The blots were visualized using an enhanced chemiluminescence
detection kit (Thermo Fisher Scientific, Inc.). Grayscale blots
were analyzed with ImageJ v1.8.0 (National Institutes of Health).
Apoptosis detection. FaDu cells (~1x105‑per well) were seeded
in 6‑well plates were transfected with shRNA‑GPR81 and

shRNA‑scramble plasmids. Then, the transfected cells were
challenged for 24 h with cisplatin at the concentration of
5 µg/ml. Cells were digested with 0.25% EDTA‑trypsin and
washed twice with cold PBS. Apoptosis was assessed in each
group according to the annexin V‑allophycocyanin/7‑aminoat
inomycin D apoptosis kit protocol (MultiSciences Biotech Co,.
Ltd.). The apoptotic cell rate was calculated by the sum of Q2
(apoptosis at late phase or necrotic cells) and Q3 (apoptosis at
early stage).
Statistical analysis. SPSS 21.0 statistical software (IBM
Corp.) was used to analyze the data, using one‑way ANOVA
followed by Tukey's multiple comparison test. The differences
between two groups were analyzed by Student's t‑test. All data
are presented as the mean ± SD. P‑values were two‑sided and
P<0.05 was considered to indicate a statistically significant
difference.
Results
Effect of GPR81 on cell proliferation and invasion. The
efficiency of GPR81 gene deletion was detected by semi‑quantitative PCR and western blotting in FaDu cells transfected
with shRNA‑GPR81 and shRNA‑scramble plasmid vector
(Fig. 1). To examine the effect of GPR81 on cell proliferation
and invasion, a CCK‑8 assay and a Transwell Matrigel™ assay
were performed, respectively.
For the CCK‑8 assay, the mean OD450 value in the control,
shRNA‑scramble and shRNA‑GPR81 groups increased to
different extents, suggesting a difference in proliferative
capacity between theshRNA‑GPR81, shRNA‑scramble and
untreated cell groups. The mean values of OD450 in the
control group were 0.386±0.017, 0.788±0.013, 1.045±0.053 and
1.354±0.035 at time points 0, 24, 48 and 72 h, respectively. The
mean values of OD450 in the shRNA‑scramble group were
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Figure 1. shRNA‑GPR81 knockdown decreases GPR81 expression at the mRNA and protein levels in FaDu cells. shRNA‑scramble was used as the control. The
β‑actin housekeeping gene was used to normalize the protein level. (A) Reverse transcription‑PCR detected GPR81 interference efficiency. (B) Quantification
of GPR81 interference at the mRNA level. (C) Western blotting detected GPR81 interference efficiency at the protein level. (D) Quantification of GPR81
interference at the protein level. **P<0.01 vs. control. 1, FaDu cells transfected with shRNA‑scramble vector; 2, FaDu cells transfected with shRNA‑GPR81
vector; GPR81, G protein‑coupled receptor 81; shRNA, short hairpin RNA.

0.38±0.012, 0.689±0.065, 0.932±0.051 and 1.194±0.08 at 0, 24,
48 and 72 h, respectively. This was not statistically significant,
compared with the control group (P>0.05). The mean OD450
values in the shRNA‑GPR81 group at 0, 24, 48 and 72 h, were
0.367±0.01, 0.451±0.02, 0.634±0.046 and 0.838±0.066, respectively. At the time points of 48 and 72 h, the OD450 values in
shRNA‑GPR81 group were significantly lower compared with
the control group and shRNA‑scramble group (with *P<0.05
vs. control and #P<0.05 vs. shRNA‑scramble), indicating that
silencing GPR81 could inhibit the proliferation of FaDu cells
(Fig. 2A). These results suggested that GPR81 affected cell
proliferation.
In the Transwell Matrigel™ assay, the mean number
of cells passing through the membrane in the control,
sh RNA‑scramble and sh RNA‑ GPR81 groups were
1.726±0.098x10 4, 1.5677±0.082x10 4 and 0.514±0.102x10 4,

respectively. The invading cells in the GPR81 silencing group
was significantly lower than the shRNA‑scramble group (with
*
P<0.05 vs. control and #P<0.05 vs. shRNA‑scramble; Fig. 2B).
These results indicated that silencing GPR81 in FaDu cells
inhibited cell invasion.
GPR81 combined with cisplatin affects the expression of genes
involved in glycolysis and OXPHOS. RT‑semi quantitative
PCR and western blotting were used to detect the expression
of PFK‑1, TOMM20 and MCT1 in FaDu cells at the nucleic
acid and protein levels. The influence of cisplatin challenge on
PFK‑1, TOMM20 and MCT‑1 is shown in Fig. S1.
The mRNA expression of PFK‑1 in GPR81 knockdown
cells combined with cisplatin stimulation slightly decreased,
but there was no significant difference compared with
untreated cells (P>0.05). PFK‑1 in cells transfected with
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Figure 2. GPR81 knockdown and 5 µg/ml cisplatin treatment inhibit cell proliferation and invasion. (A) Proliferation in shRNA‑GPR81, shRNA‑scramble and
untransfected group. OD450 of the shRNA‑GPR81 group was significantly lower than the other groups at 48 and 72 h. *P<0.05 vs. control; #P<0.05 vs. shRNA
scramble. (B) Number of invading cells after GPR81 knockdown. Number of invading FaDu cells in the shRNA‑GPR81 group was significantly reduced
compared with the other groups. *P<0.05 vs. control; #P<0.05 vs. shRNA scramble. OD, optical density; GPR81, G protein‑coupled receptor 81; shRNA, short
hairpin RNA; ns, not significant.

Figure 3. GPR81 silencing combined with cisplatin affects glycolysis and oxidative phosphorylation at the mRNA level. Effects of different concentrations of
cisplatin on PFK‑1, TOMM20 and MCT1 transcription in FaDu cells after GPR81 silencing. Semi‑quantitative PCR was performed to detect mRNA levels of
(A) PFK‑1, (B) TOMM20 and (C) MCT1. Quantification of (D) PFK‑1, (E) TOMM20 and (F) MCT1 mRNA levels. Data are presented as fold change in the
mean ± SD relative to untreated cells. Gene expression was normalized to the housekeeping gene actin. n=3 in each group. *P<0.05 vs. the shRNA‑scramble
group. GPR81, G protein‑coupled receptor 81; PFK‑1, phosphofructokinase; TOMM20, translocase of outer mitochondrial membrane 20; MCT1, monocarboxylase transporter 1; shRNA, short hairpin RNA.

shRNA‑scramble significantly increased rapidly at higher
concentrations of cisplatin, which were significantly higher
than shRNA‑GPR81 cells (P<0.05). At 2 and 5 µg/ml cisplatin,
the difference between two groups was statistically significant
(P<0.05). These results indicated that GPR81 combined with
cisplatin might have some influence on the expression of
PFK‑1 compared with shRNA‑scramble group, but no significant effect vs. untransfected cells (Fig. 3A and D).
For the TOMM20 gene, the mRNA expression increased
significantly after challenge with cisplatin in GPR81 silenced
cells, and peaked at the highest concentration of cisplatin,
which was 1.63‑fold higher than the control (Fig. 3B and E).
The expression of TOMM20 in the shRNA‑scramble group

increased slightly after being stimulated with cisplatin, with
no significant difference compared with untreated cells.
However, the expression of TOMM20 increased significantly
at 2 and 5 µg/ml cisplatin (P<0.05; Fig. 3E). This suggested
that OXPHOS might be affected by GPR81 and cisplatin treatment, through changes in the expression of TOMM20.
The expression of MCT1 gradually increased in both
groups stimulated by cisplatin. In addition, there was no
significant difference compared with untreated cells, indicating that MCT1 was not affected by GPR81 after challenge
with cisplatin (Fig. 3C and F).
At the protein level, PFK‑1 expression in GPR81 knockdown
cells markedly decreased after cisplatin treatment (lowest value
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Figure 4. GPR81 silencing combined with cisplatin affects glycolysis and oxidative phosphorylation at the protein level. Effects of different concentrations of
cisplatin stimulation on the protein level expression of PFK‑1, TOMM20 and MCT1 in FaDu cells after GPR81 silencing. (A and B) Expression of PFK‑1 at
the protein level. (C and D) Protein expression of TOMM20. (E and F) Expression of MCT1 at the protein level. Protein expression was determined by western
blotting and is presented as fold change relative to the untreated group. Protein expression was normalized to the housekeeping gene actin. Data are presented
as the mean ± SD. n=3. *P<0.05 and **P<0.01 vs. the untreated group. GPR81, G protein‑coupled receptor 81; PFK‑1, phosphofructokinase; TOMM20, translocase of outer mitochondrial membrane 20; MCT1, monocarboxylase transporter 1; shRNA, short hairpin RNA.

~0.29‑fold of control at the highest concentration of cisplatin).
However, the expression of PFK‑1 in the shRNA‑scramble
group was increased after cisplatin challenge (Fig. 4A and B).
The expression of PFK‑1 with 2 and 5 µg/ml cisplatin incubation in shRNA‑GPR81 and shRNA‑scramble groups exhibited
a significant difference (P<0.05). These results indicated that
GPR81 affected the levels of PFK‑1, which in turn might
inhibit glycolysis following challenge with cisplatin.
For TOMM20, the total expression trend of the protein
level was similar to that of the mRNA level, with a slight

upregulation in both shRNA‑GPR81 and shRNA‑scramble
groups. TOMM20 protein expression was the highest at a
concentration of 2 µg/ml cisplatin. The expression of TOMM20
in shRNA‑GPR81 was significantly higher compared with
the shRNA‑scramble group (P<0.05) after challenge with
22 µg/ml cisplatin. These results suggested that cisplatin
stimulation might enhance the process of OXPHOS in cancer
cells (Fig. 4C and D).
The expression of MCT1 in two groups manifested upregulation following cisplatin incubation. However, the expression
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Figure 5. mRNA expression of caspase‑3 and Bcl‑2 in cisplatin‑stimulated FaDu cells transfected with shRNA‑GPR81 or shRNA‑scramble. (A) Caspase‑3
transcription. (B) Bcl‑2 transcription. Data are presented as fold change in the mean ± SD, relative to untreated cells. Gene expression was normalized to the
housekeeping gene actin. n=3. *P<0.05 vs. the shRNA‑scramble group. GPR81, G protein‑coupled receptor 81; shRNA, short hairpin RNA.

Figure 6. GPR81 knockdown combined with cisplatin increases apoptosis of FaDu cells. Flow cytometry was used to analyze apoptosis in shRNA‑GPR81
and shRNA‑scramble transfected FaDu cells. (A) Apoptosis in shRNA‑scramble group. (B) GPR81 knockdown triggers cell apoptosis. (C) Quantification of
apoptosis. n=3. *P<0.05 vs. the shRNA‑scramble group. GPR81, G protein‑coupled receptor 81; shRNA, short hairpin RNA; 7‑AAD, 7'aminoactinomycin D;
APC, allophycocyanin.
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of MCT1 in shRNA‑scramble group was significantly higher
than that in shRNA‑GPR81 group after stimulation by 0.5 and
1 µg/ml cisplatin (P<0.05), and significant differences were
found after stimulation by 2 and 5 µg/ml cisplatin (P<0.01;
Fig. 4E and F).
GPR81 silencing combined with cisplatin promotes apoptosis
in FaDu cells. The mRNA expression profile of caspase‑3 and
Bcl‑2 in GPR81‑silenced cells after cisplatin stimulation was
also assessed (Fig. 5). In both the shRNA‑GPR81 silencing
group and shRNA‑scramble group, the expression of caspase‑3
was gradually elevated, to a peak at 5 µg/ml of cisplatin.
Following incubation with 2 and 5 µg/ml cisplatin, the expression of caspase‑3 in shRNA‑GPR81 and shRNA‑scramble
groups showed a significant difference (P<0.05). For the Bcl‑2
gene, mRNA expression decreased in shRNA‑GPR81 and
shRNA‑scramble groups, to ~0.1 and 0.3‑fold of the untreated
cells group. A significant difference in the expression of Bcl‑2
was observed in the shRNA‑GPR81 and shRNA‑scramble
groups at 2 and 5 µg/ml cisplatin (P<0.05). These results
suggested that GPR81 affected apoptosis following cisplatin
treatment. Flow cytometry analyses showed that the apoptotic
cell rate of the shRNA‑GPR81 group was higher than that of
the shRNA‑scramble group (P<0.05; Fig. 6). The results indicated that GPR81 combined with cisplatin enhanced apoptosis
in cancer cells.
Discussion
The present study demonstrated the influence of GPR81
on energy metabolism and apoptosis in hypopharyngeal
carcinoma in vitro, using an shRNA interference technique
combined with the chemotherapeutic agent cisplatin. The
results of the present study suggested that GPR81 gene knockdown inhibited cell proliferation and invasion. Moreover,
GPR81 silencing combined with cisplatin affects the expression of PFK‑1, TOMM20 and MCT1, which are involved in
energy metabolism and lactate transport. Furthermore, cisplatin treatment increased apoptosis in GPR81‑silenced cells, as
indicated by altered levels ofcaspase‑3. Altogether, the findings
of the present study suggested that GPR81 knockdown might
increase the efficacy of chemotherapy agents, such as cisplatin,
enhance apoptosis and influence the pathways related to
energy metabolism.
As a crucial lactate receptor, GPR81 directly affects
metabolites involved in tumor cell survival and energy
metabolism, altering the uptake of glucose and modulating
the normal process in mammalian organisms by activating
various receptors (28). A similar observation regarding the
role of GPR81 was made in breast cancer and pancreatic carcinoma cell lines (29,30). These previous studies indicated that
the absence of GPR81 in breast cancer cells and pancreatic
carcinoma cell lines markedly decreased cell proliferation and
invasion, leading to cell death in vitro.
GPR81 also functions as a vital regulator of cell survival by
inhibiting apoptosis and promoting cell survival (19,18). In the
present study, it was hypothesized that the inhibition of GPR81
on cell proliferation would depend on apoptosis. Cisplatin is a
conventional chemotherapeutic reagent used in the treatment
of various tumor types (30), and blocks malignant cell growth

through various mechanisms, such as DNA damage, cell cycle
deregulation, apoptosis and autophagy (31‑33). Our previous
study demonstrated that cisplatin treatment enhanced apoptosis in FaDu cells (34). GPR81 knockdown in FaDu cells led
to an increase in apoptosis in the presence of cisplatin. In the
present study, the proportion of apoptotic cells was also significantly increased in shRNA‑GPR81 FaDu cells. In addition,
the expression of caspase‑3 increased, while the expression
of Bcl‑2 decreased in the presence of cisplatin. A similar
conclusion regardingGPR81 was also previously suggested in
HeLa cells, demonstrating that silencing GPR81 accelerated
apoptosis in another in vitro system (16). Therefore, GPR81
regulates survival and apoptosis in hypopharyngeal carcinoma
cells.
The coexistence of glycolysis with the generation of lactate
and mitochondrial OXPHOS is a hallmark in carcinoma
cells (35,36). Lactate is a vital bridge in energy metabolism.
The lack of the lactate receptor GPR81 would affect the content
of lactate and ultimately influence biological metabolism. The
present study examined whether the absence of GPR81 and
cisplatin stimulation would have an impact on glycolysis and
OXPHOS by detecting key markers at the mRNA and protein
levels. It was demonstrated that shRNA‑GPR81 combined
with cisplatin decreased PFK‑1 mRNA and protein levels, but
increased TOMM20 and MCT1 mRNA and protein levels
to varying degrees. PFK‑1 is essential for glycolysis, as it
catalyzes rate‑limiting steps of fructose 6‑phosphate and ATP
conversion into fructose 1,6‑bisphosphate and ADP (37). A
previous study identified that cisplatin treatment decreased
glycolysis by inhibiting PFK‑1 expression (38). In the present
study, the importance of GPR81 in triggering cisplatin efficacy
and weakening the glycolysis pathway was demonstrated in
HSCC. Thus, reduced expression of PFK‑1 could contribute to
the alteration of lactate, allowing tumor cells to alter glycolysis
to survive in a complex micro‑environment.
TOMM20, a pivotal translocase located in the outer
mitochondrial membrane, has been reported as susceptible
to cisplatin. In addition, the protein level of TOMM20 was
increased when incubated with cisplatin in cholangiocarcinoma cells (39). However, the relationship between GPR81
and TOMM20 is still ambiguous. In our previous study,
cisplatin induced a slight downregulation of TOMM20 in
FaDu cells (34). In the present study, the elevated mRNA and
protein levels of TOMM20 could be caused by changes in
GPR81levels in the presence of cisplatin.
MCT1 is involved in cellular uptake of lactate. The expression of MCT1 is induced by lactate, and accumulation of lactate
also increases the expression of MCT1 (40). The absence of
GPR81 affects lactate binding, leading to lactate accumulation
in cells. Moreover, expression of MCT1 was correlated with
cisplatin‑resistance in epithelial ovarian tumors (41). In epithelial ovarian tumors, the expression of MCT1 was enhanced
after treatment with cisplatin. Hu et al (42) demonstrated that
both GPR81 and MCT1 were highly expressed in squamous
carcinoma; however, the expression of GPR81 and MCT1 had
no association in squamous carcinoma. In the present study,
MCT1 showed a marginal increase in GPR81‑silenced cells
and after cisplatin treatment. Thus, depletion of GPR81could
change the concentration of lactate, which would indirectly
influence the process of lactate uptake. Finally, changes in the
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expression of MCT1 were due to a combined effect of GPR81
and cisplatin.
In summary, the present study suggested a critical role
for GPR81 in hypopharyngeal carcinoma following cisplatin
treatment. Moreover, the present study provided an insight
into the mechanism underlying the cellular metabolism and
resistance to cisplatin through PFK‑1, TOMM20 and MCT1.
Notably, GPR81 was crucial for cell proliferation and invasion, which may account for the changes in energy metabolism
alteration seen in hypopharyngeal cancer.
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