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Abstract

Hypoxic resistance is the main obstacle to radiotherapy for laryngeal carcinoma. Our 
previous study indicated that hypoxia-inducible factor 1α (HIF-1α) and glucose trans-
porter 1 (Glut-1) double knockout reduced tumour biological behaviour in laryngeal 
carcinoma cells. However, their radioresistance mechanism remains unclear. In this 
study, cell viability was determined by CCK8 assay. Glucose uptake capability was 
evaluated by measurement of 18F-fluorodeoxyglucose radioactivity. A tumour xeno-
graft model was established by subcutaneous injection of Tu212 cells. Tumour histo-
pathology was determined by haematoxylin and eosin staining, immunohistochemical 
staining, and TUNEL assays. Signalling transduction was evaluated by Western blot-
ting. We found that hypoxia induced radioresistance in Tu212 cells accompanied by 
increased glucose uptake capability and activation of the PI3K/Akt/mTOR pathway. 
Inhibition of PI3K/Akt/mTOR activity abolished hypoxia-induced radioresistance and 
glucose absorption. Mechanistic analysis revealed that hypoxia promoted higher ex-
pressions of HIF-1α and Glut-1. Moreover, the PI3K/Akt/mTOR pathway was a posi-
tive mediator of HIF-1α and/or Glut-1 in the presence of irradiation. HIF-1α and/or 
Glut-1  knockout significantly reduced cell viability, glucose uptake and PI3K/Akt/
mTOR activity, all of which were induced by hypoxia in the presence of irradiation. 
In vivo analysis showed that knockout of HIF-1α and/or Glut-1 also inhibited tumour 
growth by promoting cell apoptosis, more robustly compared with the PI3K inhibitor 
wortmannin, particularly in tumours with knockout of both HIF-1α and Glut-1. HIF-1α 
and/or Glut-1 knockout also abrogated PI3K/Akt/mTOR signalling transduction in tu-
mour tissues, in a manner similar to wortmannin. HIF-1α and/or Glut-1 knockout fa-
cilitated radiosensitivity in laryngeal carcinoma Tu212 cells by regulation of the PI3K/
Akt/mTOR pathway.
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1  |  INTRODUC TION

Despite advances in therapy, patients with locally advanced laryn-
geal carcinoma often experience locoregional, distant recurrence 
and poor survival.1 Radiochemotherapy is important for treatment 
of these patients.2 However, some patients with advanced laryngeal 
carcinoma may be resistant to radiotherapy, thus causing therapeu-
tic failure.3 There remains controversy regarding the best approach 
for effectively increasing radiosensitivity in laryngeal carcinoma. 
However, the mechanism of radioresistance in laryngeal carcinoma 
remains unclear.

A hypoxic microenvironment contributes to radioresistance in 
laryngeal carcinoma.4 HIF-1α is a vital hypoxic marker and a key 
transcription factor that mediates cellular adaptation to a hypoxic 
microenvironment.5 Under hypoxia, overexpression of HIF-1α may 
increase the invasiveness of cancer cells,6 promote distant metasta-
sis7,8 and facilitate radioresistance.9-13 In previous studies, we found 
that HIF-1α overexpression was associated with lymph node me-
tastasis, T stage and poor outcome in patients with laryngeal carci-
noma.14 Furthermore, HIF-1α overexpression in laryngeal carcinoma 
caused radioresistance in AMC-HN3 cells exposed to hypoxia.15 
Thus, HIF-1α regulation may mediate reversal of the effects of hy-
poxia and provide a novel therapeutic strategy to enhance radiosen-
sitivity in laryngeal carcinoma.

Hypoxia can switch from oxidative phosphorylation to gly-
colysis.16 Under hypoxia, HIF-1α may enhance expression of 
angiogenesis-related genes (e.g. vascular endothelial growth 
factor) and glycolytic factors (e.g. glucose transporter (Glut)).17 
Concomitant elevated expression of Glut-1  leads to enhanced 
glucose absorption and upregulation of glycolysis.18 Under an-
oxic conditions, overexpression of Glut-1 enables cancer cells to 
meet their energy needs via the Warburg effect.19 Our previous 
studies demonstrated that high expression of Glut-1 is associated 
with radioresistance in laryngeal carcinoma.20-22 Additionally, we 
revealed a significant correlation between HIF-1α and Glut-1 in pa-
tients with laryngeal carcinoma.10,14 Therefore, we presume that 
HIF-1α and Glut-1 act synergistically to induce radioresistance in 
laryngeal carcinoma. Some studies have shown greater improve-
ment in radiosensitivity by inhibiting multiple genes or targets, 
compared with knockout of a single gene. With the development 
of the clustered regularly interspaced short palindromic repeat 
(CRISPR)/CRISPR-associated protein 9 (CAS9) genome editing sys-
tem, two or more genes can be permanently modified and knocked 
out simultaneously, thus yielding stable inherited mutant cell lines 
or experimental animals. In a previous study, we confirmed that 
CRISPR/CAS9-mediated Glut-1 and HIF-1α double knockout ro-
bustly reduced the proliferation, migration and invasion of laryn-
geal carcinoma HEp-2 cells, possibly by modulating the PI3K/Akt 
signalling pathway.23 However, it remains unclear whether double 
knockout of Glut-1 and HIF-1α using the CRISPR/CAS9 technique 
affects radiosensitivity in laryngeal carcinoma.

In the present study, we investigated the effects of radiation 
combined with an agonist or antagonist of the PI3K/Akt pathway, 

on the expression levels of Glut-1 and HIF-1α in laryngeal carcinoma 
Tu212 cells exposed to normoxic or anoxic conditions. We also in-
vestigated whether double knockout of Glut-1 and HIF-1α in Tu212 
cells contributed to radiosensitivity in those cells and explored the 
underlying mechanism.

2  |  MATERIAL S AND METHODS

This study was approved by the Institutional Review Board of The 
First Affiliated Hospital, College of Medicine, Zhejiang University, 
China (No.2020–1550). All authors had access to the study data and 
reviewed and approved the final manuscript.

2.1  |  Cell culture and treatment

Tu212 cells were purchased from the Chinese Academy of Sciences. 
Cells were cultured in RPMI-1640 (Gibco-BRL) supplemented with 
10% heat-inactivated foetal bovine serum (Hyclone), 2  mM L-
glutamate, 100 U/ml penicillin and 100 g/ml streptomycin at 37°C 
in a 5% CO2  atmosphere. Tu686 cells were purchased from the 
Chinese Academy of Sciences. Cells were cultured in RPMI-1640 
(Gibco-BRL) supplemented with 10% heat-inactivated foetal bovine 
serum (Hyclone), 100  U/ml penicillin and 100  g/ml streptomycin 
at 37°C in a 5% CO2  atmosphere. The cells were pre-treated with 
or without an antagonist (1 mM wortmannin, sc-3505, Santa Cruz 
Biotechnology Inc.) or agonist (100 ng/ml insulin-like growth factor 
(IGF)-1, ab270062, Abcam) of PI3K for 24 h, followed by treatment 
with 12 Gy X-ray irradiation for an additional 3 h. All cells were then 
incubated in growth factor-deprived medium under hypoxic condi-
tions (1% O2 by N2 displacement, 5% CO2) or normoxic conditions 
(20% O2, 5% CO2) for an additional 48 h. Single-energy X-ray irradia-
tion of 6 MV with a dose rate of approximately 500 MU/min was 
administered using a linear accelerator (Clinac 23EX, Varian Medical 
Systems). The plate distance was 100 cm, and the radiation field was 
35 × 35 cm. After irradiation, cells were harvested for subsequent 
experiments. All assays were performed in triplicate.

2.2  |  Double knockout cell model

Single guide RNAs (sgRNAs) targeting HIF-1α (GAACTCACATTA​
TGTGGAAGTGG and GTTGATAAGGCCTCTGTGATGAGG) and 
Glut-1 (GGATGCTCTCCCCATAGCGGTGG and GCCACCACGCTC​
ACCACGCTCTGG) were designed based on the online tool http://
crispr.mit.edu/ (CRISPR Design of Massachusetts Institute of 
Technology) and http://www.e-crisp.org/E-CRISP/​index.html (E-
Crisp German Cancer Research Center). The sgRNAs were then 
inserted into the pUC57-T7-gRNA plasmid using the BasI restric-
tion enzyme and DNA ligase. Following sequence verification, re-
combinant plasmids encoding sgRNAs against HIF-1α and Glut-1 
were transfected (separately and in combination) into Tu212 cells 

http://crispr.mit.edu/
http://crispr.mit.edu/
http://www.e-crisp.org/E-CRISP/index.html
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using Lipofectamine 2000 (Invitrogen). After 24 h, the transfected 
cells were digested, harvested and resuspended at a concentration 
of 10 cells/ml. A 100-μl aliquot of the cell suspension was seeded 
into a 96-well plate at a density of 1 cell/well, and positive cells 
were screened. The single cells were then digested in the original 
well or transferred to a larger culture plate (96-well plate →24-
well plate →6-well plate →6-cm culture dish →10-cm culture dish), 
where they formed a sphere. Knockout efficiency was verified in 
a previous study by our group.23 As described above, Tu212 cells 
transfected with Glut-1 and HIF-1α sgRNAs, or both, were treated 
with 12 Gy X-ray irradiation for 3 h and then incubated for 48 h 
under hypoxic or normoxic conditions. All cells were used for sub-
sequent assays.

2.3  |  Glucose uptake in vitro

Normal cells or Glut-1 and/or HIF-1α knockout cells were incu-
bated under hypoxic or normoxic conditions. After treatment with 
or without 12 Gy X-ray irradiation, cells were incubated with me-
dium containing 18F-fluorodeoxyglucose (FDG) for an additional 
3 h. They were then digested and collected. The intracellular (Cin) 
and extracellular (Cout) radioactivity levels were determined using 
a gamma radioimmunoassay counter (WIZARD2, PerkinElmer). 
The ratio of Cin to Cout was used as a measure of glucose uptake 
by tumour cells.

2.4  |  CCK8 assay

Briefly, 1*104 normal cells or Glut-1 and/or HIF-1α knockout cells 
were seeded into each well of 96-well plate. Cells were treated with 
12  Gy for 3  h, followed by incubation for an additional 48  h in a 
96-well plate. Subsequently, all cell groups were incubated with 
20 µl cell counting solution (CCK8) for 1 h in darkness. Absorption at 
450 nm was then measured using the Spectra Plus microplate reader 
(Molecular Devices).

2.5  |  EDU staining detection

After the completion of EdU labelled cells (EdU staining kit, 
Biyuntian, C0078s), the culture medium was removed, and the cells 
were added with 1m l4% paraformaldehyde. The cells were fixed at 
room temperature for 15 min. The fixation solution was removed, 
and each well was washed 3 times with 1ml washing solution. Wash 
solution was removed, and each well was incubated with 1ml PBS 
containing 0.3% TritonX-100 at room temperature for 15 min. 10 ml 
Click reaction solution was prepared. Each well was added with 
0.5 ml of Click reaction at room temperature for 30 min. Click reac-
tion solution was removed, and each well was washed for 3 times. 
Each well was added with 1ml 1X Hoechst 33342 (Biyuntian, C1025) 
solution in the dark for 10 min. 1X Hoechst 33342 solution was suck 

up. Then, the slides were washed twice with PBS and coverslipped 
with anti-fluorescence quenching agent. The images were observed 
and collected under a fluorescence microscope.

2.6  |  Western blotting

Total proteins were extracted from cells and tumour tissues by ra-
dioimmunoprecipitation assay lysis buffer. Subsequently, equal 
amounts of protein (30  μg) were separated by sodium dodecyl 
sulphate–polyacrylamide gel electrophoresis. After the proteins had 
been transferred to polyvinylidene difluoride membranes (cat. no. 
IPVH00010; Millipore), the membranes were blocked with 5% skim 
milk diluted in Tris-buffered saline with Tween 20. Membranes were 
then incubated with primary antibodies against caspase3(1:1000;cat. 
no. ab32351; Abcam), Glut-1 (1:200; cat. no. ab40084; Abcam), PI3K 
(1:1000; cat. no. 4292, Cell Signaling Technology), phosphorylated 
(p)-PI3K (1:800; cat. no. 4228, Cell Signaling Technology), p-Akt 
(1:1000; cat. no. 4060, Cell Signaling Technology), Akt (1:2000; cat. 
no. 9272, Cell Signaling Technology), HIF-1α (1:800; cat. no. Ab1, 
Abcam), mTOR (1:1000; cat. no. Ab134903, Abcam) and p-mTOR 
(1:1000; cat. no. ab109268, Abcam) at 4°C overnight. A primary an-
tibody against GAPDH (1:4000; cat. no. AP0063; Bioworld) served 
as the internal control. The membranes were followed by incubation 
with secondary antibodies for 1 h at room temperature. Membranes 
were stained using an ECL chemiluminescence assay kit (Beyotime 
Institute of Biotechnology) and analysed semi-quantitatively using 
the ChemiDoc XRS+System (Bio-Rad).

2.7  |  Xenograft model

Six- to eight-week-old male athymic BALB/c nude mice were pur-
chased from Beijing Vital River Laboratory Animal Technology Co. 
Ltd. and housed in a specific pathogen-free room under controlled 
temperature (20 ± 2°C) and humidity. All animal studies were ap-
proved by the Animal Welfare Committee of our research organi-
zation (approval number: 2020–1550). After mice had been fed ad 
libitum for 1  week, approximately 0.2  ml (2  ×  107/ml) Tu212 cells 
were inoculated subcutaneously into the right flank of each mouse. 
The animal groups were as follows: Control (normal Tu212), 12 Gy 
(Tu212 + 12 Gy), 12 Gy +wortmannin (Tu212 + 12 Gy +wortmannin), 
HIF-1α−/−, HIF-1α−/−+12  Gy, Glut-1−/−, Glut-1−/−+12  Gy, HIF-1α−/− + 
Glut-1−/−, and HIF-1α−/− + Glut-1−/−+12 Gy. When the tumour volume 
reached 100 mm3, mice were treated with 12 Gy X-ray irradiation at 
5-day intervals. X-ray radiation was performed in the same manner 
used in the in vitro assay. During model establishment, mice received 
intraperitoneal administration of 1 mg/kg wortmannin, once daily. 
On Day 24 after the initial injection of cancer cells (Day 17 after X-
ray irradiation), mice were killed by cervical dislocation and imaged 
using a camera. Tumours in each mouse were then excised, photo-
graphed and harvested for subsequent experiments. Tumour volume 
was calculated according to the following formula: V = ½ × a2 × b, 
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where a is the short axis and b the long axis. After weighing, tumour 
tissues were stored at −80℃ for subsequent experiments.

2.8  |  TUNEL assay

Paraffin-embedded tumour tissue sections from each group were 
assessed using the In Situ Cell Death Detection Kit-POD (Roche). 
In brief, 5-μm-thick tissue sections were dewaxed in xylene and re-
hydrated in an ethanol gradient. The sections were incubated with 
20 μg/ml DNase-free proteinase K for 15 min at 37°C and washed 
three times using phosphate-buffered saline. After blocking using 
peroxidase for 20  min, the sections were incubated with 50  μl 
TUNEL reaction mixture for 60 min at 37°C in darkness. Each sec-
tion was incubated with 50 μl streptavidin–horseradish peroxidase 
conjugate and stained with 200 μl DAB solution. After mounting, the 
staining results were observed and photographed by fluorescence 
microscopy. Ten high-powered fields were examined for each group. 
Total cell number were conducted by counting the number of nu-
clei. The apoptosis cells were conducted by counting the number of 
green-labelled nuclei. The proportion of apoptosis cells were ana-
lysed by recording the ratio of green-labelled cell number to total cell 
number. Double blind was used in the experiment. The analysis was 
performed by three independent researchers.

2.9  |  Immunohistochemistry

Tumour tissues were collected, fixed in 4% paraformaldehyde for 
24 h at 4°C and embedded in paraffin. After 5 µm thick sections had 
been deparaffinized in xylene and hydrated in gradient ethanol, they 
were subjected to antigen retrieval using a high-pressure method. 
Endogenous peroxidases were blocked by 3% H2O2 for 10 min at room 
temperature. Subsequently, sections were incubated with a primary an-
tibody against Ki67 (cat. no. 12202, Cell Signaling Technology) diluted 
in working buffer (1:50) at 4°C overnight. The next day, all sections 
were hybridized with a secondary antibody labelled with streptavidin–
horseradish peroxidase at 4°C for 50 min Subsequently, the sections 
were stained with DAB staining buffer, followed by haematoxylin for 
25  s. The staining results were visualized by microscopy (Olympus 
BX41; Olympus Corporation). Positive cells labelled with brown–
yellow granules in five random high-magnification fields of each group 
were identified and counted by three independent pathologists. After 
counting the number of total cells (blue-labelled nuclei), the proportion 
of Ki67-positive cells was calculated. Cell number was also monitored 
by using Image-J software using the double-blind method. Means of 
different tumour tissues were used to generate the histogram.

2.10  |  Haematoxylin and eosin staining

Tumour tissue samples were placed in 4% paraformaldehyde for 
48  h at 4°C, dehydrated in gradient ethanol, immersed in xylene 

and embedded in paraffin. 5 µm thick sections were dewaxed, re-
hydrated and stained with haematoxylin (Beyotime Institute of 
Biotechnology) for 5  min and distinguished using ammonium hy-
droxide. Subsequently, the sections were incubated in eosin solution 
for 2  min, washed with running water and dewaxed using xylene. 
Then, sections were mounted with neutral balsam and observed 
using an optical microscope (Olympus IX71; Olympus Corporation).

2.11  |  Glucose uptake in vivo

On Day 24 after the initial injection of cancer cells (Day 17 after X-
ray irradiation), each mouse was injected with 11.1 MBq (300μCi) of 
18F-FDG through tail vein. The mice were sacrificed for 1h, and the 
tumour tissue was stripped to detect its radioactivity by a gamma 
radioimmunoassay counter (WIZARD2, PerkinElmer). The relative 
radioactivity of each group was calculated: relative Fold change of 
control.

2.12  |  Statistical analysis

All independent experiments were performed at least three times. 
Data are presented as means ± standard error. Data were analysed 
using IBM SPSS Statistics 25.0 (IBM Corp.) and GraphPad Prism 
6.0 (GraphPad Software Inc.) using one-way analysis of variance. 
P < 0.05 was considered to indicate statistical significance.

3  |  RESULTS

3.1  |  Hypoxia induces radioresistance in Tu212 
cells by potentially accelerating glucose uptake

Cancer cells exhibit continuously increasing glucose consump-
tion, even in the presence of oxygen, due to the Warburg effect.24 
Another cell progression phenomenon, the Pasteur effect, suggests 
that hypoxia is a leading cause of elevated glucose absorption by 
tumour cells.25,26 Under normoxic conditions, the viability of Tu212 
cells decreased significantly, by 50%, after exposure to 12  Gy X-
ray irradiation. Enhanced cell viability was observed in Tu212 cells 
cultured under hypoxic conditions, compared with those cultured 
under normoxic conditions. Notably, Tu212 cells cultured under hy-
poxic conditions exhibited greater cell viability compared with those 
cultured under normoxic conditions following treatment with 12 Gy 
X-ray irradiation (Figure 1A). In addition, the results of EDU showed 
that radiotherapy could inhibit the laryngeal carcinoma cell prolif-
eration, whereas the cell proliferation was increased under hypoxic 
conditions. Moreover, the proliferation of Tu212 cells treated with ra-
diotherapy under hypoxic conditions was stronger than that treated 
with radiotherapy under normoxic conditions (Figure S1A). The re-
sults of Western blot demonstrated a consistent trend, that is, radio-
therapy could promote the apoptosis-related protein caspase3 shear 
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in Tu212 cells, and the caspase3 shear ability of Tu212 cells treated 
with radiotherapy under hypoxia was weaker than that of the ra-
diotherapy group treated with normoxia (Figure S1B). These results 
suggested that hypoxia could enhance the radioresistance of laryn-
geal carcinoma cells. To determine whether hypoxia affects radio-
sensitivity in Tu212 cells by regulation of glucose uptake, a hypoxic 
radiotracer 18F-FDG was incubated with Tu212 cells, and the Cin and 
Cout were measured. The Cin/Cout ratio was regarded as an indicator 
of glucose uptake by tumour cells. Cells exposed to 12  Gy under 
normoxic conditions showed moderate elevation of glucose uptake. 
However, a robust increase in glucose absorption was observed 
under hypoxic conditions. Additionally, 12 Gy exposure further pro-
moted glucose absorption under hypoxic conditions compared with 
normoxic conditions (Figure 1B). These results suggest that hypoxia 

enhanced cell viability and glucose uptake, followed by reduced ra-
diosensitivity, in Tu212 cells. Hypoxia may reduce radiosensitivity in 
Tu212 cells by affecting glucose uptake and glycolysis.

3.2  |  Hypoxia activates the PI3K/Akt/
mTOR pathway

Western blotting showed elevated levels of p-PI3K, p-Akt and 
p-mTOR in Tu212 cells under hypoxic conditions compared with 
normoxic conditions. These results implied that hypoxia exposure 
activates the PI3K/Akt/mTOR signalling pathway (Figure  2, third 
versus first row). However, X-ray irradiation did not alter the lev-
els of p-PI3K, p-Akt or p-mTOR, regardless of hypoxic or normoxic 

F I G U R E  1  Effects of hypoxia on cell viability and glucose uptake in Tu212 cells exposed to irradiation. A, Tu212 cells were cultured under 
normoxic and hypoxic conditions, respectively. Cells were then treated with or without 12 Gy X-ray irradiation for 3 h. Cell viability was 
determined by CCK8 assay. B, Cells were cultured with medium containing 18F-FDG for an additional 3 h. After irradiation exposure under 
normoxic or hypoxic conditions, the Cin and Cout were determined using a gamma radioimmunoassay counter. *: p < 0.05; ** and ##: p < 0.01

F I G U R E  2  Effects of hypoxia on the PI3K/Akt/mTOR pathway in Tu212 cells. Cells were cultured under normoxic or hypoxic conditions, 
with or without exposure to 12 Gy X-ray irradiation. After cell harvest, the protein levels of PI3K, Akt, mTOR, phosphorylated PI3K, 
phosphorylated Akt and phosphorylated mTOR were determined by Western blotting. GAPDH served as the internal control. Relative 
quantification of p-PI3K/PI3K, p-AKT/AKT and p-mTOR/mTOR as shown in the right panel. **, p < 0.01
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conditions (Figure 2). These results suggested that hypoxia activated 
the PI3K/Akt/mTOR pathway, whereas irradiation exposure alone 
did not.

3.3  |  The PI3K/Akt/mTOR pathway is required 
for hypoxia-mediated radioresistance and enhanced 
expression of Glut-1 and HIF-1α

We previously demonstrated that the PI3K/Akt pathway contrib-
utes to chemo-radioresistance in laryngeal carcinoma.20,21,23,27,28 
However, it remains unclear whether the PI3K/Akt pathway fa-
cilitates radioresistance in laryngeal carcinoma cells under hy-
poxic conditions. Thus, wortmannin (an inhibitor of PI3K) and 
IGF-1 (an agonist of PI3K) were employed to explore this aspect 
of radioresistance. As shown in Figure  3A, wortmannin admin-
istration significantly diminished, whereas IGF-1 administration 
significantly enhanced, PI3K/Akt/mTOR pathway activity in 
Tu212 cells under normoxic conditions. The levels of p-PI3K, p-
Akt and p-mTOR were higher under hypoxic than normoxic con-
ditions. Further treatment with wortmannin reduced PI3K/Akt/
mTOR activity, whereas treatment with IGF-1 enhanced this ac-
tivity (Figure 3A and Figure S2A). In addition to alteration of the 
PI3K/Akt/mTOR pathway, IGF-1 enhanced Tu212 cell viability 
and proliferation, and inhibit caspase3 shear under hypoxic con-
ditions following 12  Gy X-ray irradiation, whereas wortmannin 

aggravated the irradiation-induced decrease in cell viability and 
proliferation, and increasing of caspase3  shear under normoxic 
conditions (Figure 3B and Figure S3). In contrast, the reduced cell 
viability and proliferation, and increased caspase3 shear induced 
by 12 Gy X-ray irradiation were moderately reversed by IGF-1 and 
enhanced by wortmannin under hypoxic conditions (Figure 3B and 
Figure S3). Accordingly, IGF-1 promoted, whereas wortmannin in-
hibited, FDG uptake by Tu212 cells after 12 Gy X-ray irradiation 
under normoxic or hypoxic conditions (Figure 3C). Moreover, the 
Cin/Cout ratio was higher under hypoxic or normoxic conditions 
after IGF-1 treatment but lower after wortmannin treatment, sug-
gesting that glucose uptake was regulated by the PI3K/Akt/mTOR 
signalling pathway (Figure 3C).

In the present study, we investigated the expression levels of 
Glut-1 and HIF-1α in X-ray-irradiated laryngeal carcinoma under hy-
poxic conditions. The protein levels of Glut-1 and HIF-1α in laryngeal 
carcinoma Tu212 cells were significantly elevated under hypoxic 
conditions compared with normoxic conditions. Additionally, 12 Gy 
X-ray irradiation enhanced the protein levels of Glut-1 and HIF-1α 
and amplified the hypoxia-induced increases in the levels of both 
proteins (Figure  3D and Figure  S2B). PI3K activation was elevated 
by IGF-1 but inactivated by wortmannin. These effects altered the 
levels of Glut-1 and HIF-1α in the presence of 12 Gy X-ray irradiation, 
regardless of exposure to normoxic or hypoxic conditions (Figure 3D 
and Figure S2B). These data suggested that hypoxia promoted Glut-1 
and HIF-1α expression, presumably via the PI3K/Akt/mTOR pathway, 

F I G U R E  3  Alterations in Glut-1 and 
HIF-1α protein levels by PI3K inhibition 
after irradiation exposure under hypoxic 
conditions in Tu212 cells. A, Cells were 
cultured under normoxic or hypoxic 
conditions, with or without exposure to 
12 Gy X-ray irradiation. Protein levels of 
PI3K, Akt, mTOR, phosphorylated PI3K, 
phosphorylated Akt and phosphorylated 
mTOR were determined by Western 
blotting. B, For cells shown in panel 
A, viability was measured by CCK8 
assays. C, Cells were cultured with 
medium containing 18F-FDG for an 
additional 3 h. The Cin and Cout in each 
group were measured using a gamma 
radioimmunoassay counter. D, For cells 
shown in panel C, the protein levels of 
Glut-1 and HIF-1α were evaluated by 
Western blotting. Protein quantitative 
analysis could be found in Figure S2. *, 
#, and @: p < 0.05; **, ##, @@, and &&: 
p < 0.01
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followed by increased glucose uptake and radioresistance in Tu212 
cells.

3.4  |  Knockout of Glut-1 and HIF-1α increases 
radiosensitivity in Tu212 cells via the PI3K/Akt/
mTOR pathway

Our previous study demonstrated that Glut-1 and HIF-1α double 
knockout inhibited FDG uptake by HEp-2 cells, leading to reduced 
viability.23 We further investigated whether knockout of the two 
genes contributed to radioresistance under hypoxic conditions. 
Consistent with the previous findings, 12  Gy X-ray irradiation 
led to reduced cell viability and proliferation and elevated cas-
pase3 shear and glucose uptake in Tu212 cells under normoxic or 
hypoxic conditions, although cell viability, proliferation and glu-
cose absorption were greater, cleaved-caspase3 expression was 
lower under hypoxic conditions than under normoxic conditions 
(Figure 4A,B and Figure S4). The hypoxia-induced increases in cell 
viability and proliferation, glucose uptake, and decreases the ex-
pression of cleaved-caspase3 expression were reversed by Glut-1 
or HIF-1α knockout. The lowest cell viability and proliferation, 
glucose uptake, and the highest contents of cleaved-caspase3 
were observed in Glut-1 and HIF-1α double knockout cells without 
12 Gy X-ray irradiation (Figure 4A,B and Figure S4). During irradia-
tion exposure, Glut-1 or HIF-1α single or double knockout further 
reduced hypoxia-mediated cell proliferation and glucose uptake, 
near the levels observed under normoxic conditions, with the 
lowest levels observed in the double knockout cells (Figure 4A,B 
and Figure  S4A). Moreover, the caspase3  shear level of Tu212 
cells treated with GLUT-1 or HIF-1α single or double Knockout 
after radiotherapy under hypoxic conditions was significantly 
higher than that after radiotherapy under the normoxic condi-
tions. The caspase3 shear level of Tu212 cells by double knockout 
was the highest (Figure S4B). These findings suggest that Glut-1 
or HIF-1α knockout improved hypoxia-induced radioresistance. 
Furthermore, compared with normoxic conditions, activation of 
the PI3K/Akt/mTOR pathway under hypoxic conditions was ab-
rogated by Glut-1 or HIF-1α knockout (Figure 4C and Figure S5A). 
Notably, 12  Gy X-ray irradiation did not affect the levels of p-
PI3K, p-Akt or p-mTOR in normal cells or Glut-1/HIF-1α knockout 
cells (Figure  4C and Figure  S5A). The efficiency of gene knock-
out was verified by Western blotting (Figure 4D and Figure S5B). 
Importantly, Glut-1 and HIF-1α knockout regulated each other 
because Glut-1 (HIF-1α) knockout reduced the hypoxia-induced 
constitutive expression of HIF-1α (Glut-1), regardless of X-ray 
irradiation (Figure  4D and Figure  S5B). The role of Glut-1 and 
HIF-1α knockout on radiotherapy resistance was verified in an-
other laryngeal carcinoma cell line Tu686 (Figure S6). Collectively, 
the data demonstrated greater radiosensitivity in Glut-1/HIF-1α 
knockout than normal cells under hypoxic conditions, in addition 
to inactivation of the PI3K/Akt/mTOR pathway.

3.5  |  Knockout of Glut-1 and HIF-1α elevates 
radiosensitivity in Tu212 cells in vivo

In the xenograft model, wortmannin administration clearly 
enhanced irradiation-induced prevention of tumour growth 
(Figure  5A), leading to a lower tumour volume and weight 
(Figure  5B,C). Additionally, knockout of Glut-1 and/or HIF-1α 
limited tumour growth, tumour volume and tumour weight com-
pared with tumours in control mice. These inhibitory effects were 
slightly greater than those after 12  Gy X-ray irradiation alone 
(Figure  5A–C). Moreover, greater radiosensitivity in tumour tis-
sues was observed after knockout of both genes than either gene 
alone, with tumour growth nearly abolished in double knockout 
mice following irradiation exposure (Figure  5A–C). With respect 
to alterations in tumour weight, body weight showed an inverse 
relationship with tumour weight. Either Glut-1 or HIF-1α could 
elevate body weight, and greater body weight was seen in mice 
with double knockout of Glut-1 and HIF-1α. 12 Gy exposure sig-
nificantly reduced tumour weight compared to control, Glut-1/ 
HIF-1α knockout group or double knockout group. The lowest 
body weight was observed in mice with normal tumours follow-
ing exposure to 12  Gy alone (Figure  5D). HE staining revealed 
many areas of necrosis in tumours exposed to wortmannin and/
or 12 Gy irradiation, as well as in Glut-1 and/or HIF-1α knockout 
tumours. Greater tumour necrosis areas were verified in Glut-1 
and/or HIF-1α knockout tumours in the presence of irradiation 
(Figure  5E), indicating that Glut-1 and/or HIF-1α knockout im-
proved radiosensitivity in laryngeal carcinoma cells.

3.6  |  Glut-1 and HIF-1α knockout promotes 
irradiation-induced apoptosis and proliferation 
inhibition in vivo

We investigated whether the radiosensitivity induced by Glut-1/
HIF-1α knockout was related to tumour death. Knockout of Glut-1 
or HIF-1α led to significantly more apoptotic cells in tumour tissues 
compared with the control, similar to the effects of 12 Gy X-ray ir-
radiation (Figure  6A,B). PI3K inhibition by wortmannin further in-
creased apoptosis following 12 Gy X-ray irradiation, similar to the 
findings in Glut-1 or HIF-1α knockout tumours exposed to 12 Gy X-
ray irradiation (Figure  6A,B). As predicted, the highest number of 
apoptotic cells was observed in the double knockout mice follow-
ing irradiation exposure (Figure  6A,B). In contrast, few proliferat-
ing cells were observed in the presence of 12 Gy X-ray irradiation 
or in the absence of Glut-1 or HIF-1α (Figure S7A,B). Similar to the 
effects of wortmannin, Glut-1 or HIF-1α knockout enhanced the 
anti-proliferative effect of 12 Gy, with the fewest proliferating cells 
observed in Glut-1 and HIF-1α double knockout tumours following 
irradiation (Figure S7A,B). These results indicated that both inhibi-
tion of PI3K and knockout of Glut-1/HIF-1α enhanced irradiation-
induced apoptosis and inhibited proliferation.
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F I G U R E  4  Effects of Glut-1 and 
HIF-1α knockout on radioresistance and 
the PI3K/Akt/mTOR pathway activity 
in Tu212 cells. A, Glut-1 and/or HIF-1α 
knockout was performed in Tu212 cells. 
Subsequently, normal cells were exposed 
to irradiation under normoxic conditions, 
while normal cells or Glut-1 and/or HIF-
1α knockout cells were cultured under 
hypoxic conditions. Cell viability in each 
group was measured using CCK8 assays. 
B, Cells were treated under normoxic 
or hypoxic conditions, with or without 
exposure to 12 Gy X-ray irradiation. The 
Cin and Cout in each group were measured 
using a gamma radioimmunoassay 
counter. In the above cell groups, 
protein levels of PI3K, Akt, mTOR, 
phosphorylated PI3K, phosphorylated 
Akt, phosphorylated mTOR (C), as well as 
Glut-1 and HIF-1α (D) were determined by 
Western blotting. *: p < 0.05; **: p < 0.01
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3.7  |  Glut-1 and HIF-1α knockout inhibits the PI3K/
Akt/mTOR pathway and glucose uptake in vivo

As mentioned previously, knockout of Glut-1 and HIF-1α led to radio-
sensitivity in Tu212 cells, presumably via the PI3K/Akt/mTOR pathway. 

Here, 12 Gy X-ray irradiation did not affect the activities of p-PI3K, 
p-Akt or p-mTOR, regardless of Glut-1 and/or HIF-1α knockout, al-
though it increased Glut-1 and HIF-1α protein levels. In addition, wort-
mannin inhibited the protein levels of Glut-1 and HIF-1α. Knockout of 
Glut-1 and HIF-1α further reduced activation of the PI3K/Akt/mTOR 

F I G U R E  5  Associations of Glut-1 and HIF-1α with radiosensitivity in vivo. A, Tu212 cells were injected into the right flank of nude mice. 
After establishment of tumours, tumour tissues were excised and photographed. B, Tumour volumes were calculated using the following 
formula: V = 1/2 × a2 × b, where a is the short axis and b the long axis. Tumour weight (C) and body weight (D) were analysed in each group. 
(E) Histopathological analysis of the lesions was performed by haematoxylin and eosin staining. *: p < 0.05; **: p < 0.01
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F I G U R E  6  Analysis of apoptosis in tumour tissues. A, Tumour tissues were embedded in paraffin and then stained using TUNEL reaction 
mixture. Apoptotic cells were observed by fluorescence microscopy. B, The proportion of apoptotic cells was counted. **: p < 0.01
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pathway (Figure 7A,B). These data were consistent with the in vitro re-
sults, suggesting positive feedback regulation between the PI3K/Akt/
mTOR pathway and Glut-1/HIF-1α expression. Therefore, in tumour 
tissues under hypoxic conditions, activation of the PI3K/Akt/mTOR 
pathway promoted the expression of Glut-1 and HIF-1α. The results of 
18F-FDG radioactive of tumour tissues of xenograft that radiotherapy 
could increase glucose uptake in tumour tissues of xenograft, whereas 
wortmannin could inhibit glucose uptake in tumour tissues of xeno-
graft (Figure 7C). Knockout of Glut-1 and HIF-1α could inhibit glucose 
uptake in tumour tissues of xenograft, and block the enhanced glucose 
uptake ability of tumour tissue induced by radiotherapy (Figure 7C). 
Double knockout treatment had the strongest inhibition effect on the 
glucose uptake (Figure  7C). The increased expression of Glut-1 and 
HIF-1α activated the PI3K/Akt/mTOR pathway and glucose uptake in 
vivo, thereby leading to radioresistance.

4  |  DISCUSSION

Radiotherapy is an important treatment option for laryngeal car-
cinoma.29 However, the development of radioresistance leads to 

persistent treatment failure. Hypoxia is an important factor me-
diating tumour progression and therapeutic resistance, partly via 
the expression of HIF-1α.30 Hypoxia induces the stabilization of 
HIF-1α, which is associated with radiotherapy resistance in head 
and neck carcinoma.31 Our previous research indicated a signifi-
cant association between Glut-1 and radioresistance in laryngeal 
carcinoma.20-22,32,33 Furthermore, HIF-1α and Glut-1 double knock-
out using the CRISPR/CAS9 system showed synergistic regulation 
of biological behaviour in laryngeal carcinoma cells.23 Glut-1 an-
tisense oligodeoxynucleotides facilitated the response to radio-
therapy in laryngeal carcinoma tissue via autophagy regulation.32 
Herein, protein levels of HIF-1α and Glut-1 were enhanced after 
12  Gy X-ray irradiation, further confirming the associations of 
HIF-1α and Glut-1 with radiotherapy. In the present study, we veri-
fied that HIF-1α and/or Glut-1 knockout reversed the reduced cell 
viability induced by irradiation, leading to increased radiosensitiv-
ity of Tu212 cells. Thus, Glut-1 and HIF-1α knockout contributed 
to radiosensitivity in laryngeal carcinoma cells. In addition, dou-
ble knockout of Glut-1 and HIF-1α led to greater radiosensitivity 
in laryngeal carcinoma cells under hypoxic conditions, compared 
with single gene knockouts. Double knockout of Glut-1 and HIF-1α 

F I G U R E  7  Effects of Glut-1 and HIF-1α knockout on PI3K/Akt/mTOR pathway activity and glucose uptake in tumour tissues. Protein 
levels of PI3K, Akt, mTOR, phosphorylated PI3K, phosphorylated Akt, phosphorylated mTOR, Glut-1 and HIF-1α were determined by 
Western blotting (A). Relative quantification of p-PI3K/PI3K, p-AKT/AKT, p-mTOR/mTOR, HIF-1α/GAPDH and Glut-1/GAPDH as shown in 
the right panel (B). The results of 18F-FDG radioactive of tumour tissues of xenograft(C) **, p < 0.01
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may be a novel strategy for enhancing radiosensitivity in laryngeal 
carcinoma.

Cancer cells located in hypoxic microenvironments trigger glycol-
ysis in response to the reduced oxygen supply.34 Glycolysis elevates 
the lactate level, leading to a poor clinical outcome in patients with 
head and neck cancer treated with radiotherapy.35 18F-FDG (gly-
colysis) uptake is correlated with endogenous markers of hypoxia, 
glycolysis, and cell proliferation, as 18F-FDG is a good indicator of 
rapid cell proliferation.36 In this study, hypoxia induced radioresis-
tance in laryngeal carcinoma cells, along with enhanced 18F-FDG 
uptake and an increased Cin/Cout ratio. Thus, following exposure to 
12 Gy X-ray irradiation in Tu212 cells, high cell viability under hy-
poxic conditions may be more closely related to 18F-FDG uptake and 
a high rate of glycolysis, indicative of radioresistance. Wogonin can 
abolish hypoxia resistance in colon cancer cells by reducing the rate 
of glycolysis and inhibiting PI3K/Akt pathway activity.37 Activation 
of PI3K/Akt reduces glycogen synthesis, resulting in enhanced gly-
colysis.38 Our previous research indicated that a HIF-1α and Glut-1 
double knockout approach reduced cell proliferation, migration and 
invasion in a PI3K/Akt/mTOR signalling-dependent manner.23 In this 
investigation, hypoxia induced activation of the PI3K/Akt/mTOR 
pathway; inhibition of this pathway abrogated hypoxia-induced gly-
colysis and radioresistance in Tu212 cells, whereas hyperactivation 
enhanced these processes. Insulin-like growth factor (IGF-1) has 
the similar functions with insulin analogue to activate the PI3K-Akt 
signalling pathway.39 In this study, IGF-1 treatment activated PI3K-
Akt-mTOR signalling pathway, enlarged the resistance to radiother-
apy, and elevated glucose uptake and the expression of HIF-1α and 
Glut-1 in laryngeal cancer cells. Since IGF-1 might exert regulatory 
role on other signalling pathway,40 the opposite effects on PI3K-Akt 
pathway between wortmannin and IGF-1 were observed in TU212 
and TU686 cells. The data indirectly demonstrated the activation of 
PI3K-Akt in IGF-1-challenged laryngeal cancer cells, ruling out the 
off-target effect. Collectively, our findings indicate that the PI3K/
Akt/mTOR pathway is required for the progression of radioresis-
tance in laryngeal carcinoma Tu212 cells undergoing glycolysis due 
to hypoxia.

When tumour cells adapt to hypoxic stress, cellular pathways 
controlling glucose uptake are activated by HIF-1α to facilitate cell 
proliferation and progression.7,41 The presence of hypoxia has been 
established as an important factor (along with HIF-1α and Glut-1 
activities) affecting tumour radioresistance.42 HIF-1α and Glut-1 are 
two important hypoxic markers associated with radioresistance in 
laryngeal carcinoma. Our previous research showed a robust associ-
ation between Glut-1 and HIF-1α in laryngeal carcinoma.14 Hypoxia-
induced increases in HIF-1α and Glut-1  levels were reversed by 
pineapple pulp treatment.43 In the present study, we found that 
double knockout of HIF-1α and Glut-1  led to the strongest anti-
proliferative and pro-apoptotic effects on Tu212 cells, both in vitro 
and in vivo. Additionally, we found a decreased Glut-1 protein level 
after knockout of HIF-1α; the inverse relationship was also pres-
ent. Potentially, Glut-1-mediated glucose uptake involves hypoxia-
induced HIF-1α expression. The reduction in HIF-1α induced by 

Glut-1 knockout was also found in tumour tissues, and the detailed 
mechanism requires further investigation.

A previous in vivo study showed that apigenin-mediated reduc-
tion of Glut-1 and inactivation of the PI3K/Akt pathway contributed 
to radiosensitivity in laryngeal carcinoma.21 In contrast, the present 
study demonstrated a positive feedback loop between the PI3K/
Akt/mTOR pathway and expression of HIF-1α and Glut-1 after expo-
sure to irradiation and hypoxia. Moreover, HIF-1α and Glut-1 protein 
levels were positively regulated by activation of the PI3K/Akt/mTOR 
pathway. These results confirmed that crosstalk between HIF-1α/
Glut-1 and the PI3K/Akt/mTOR signalling pathway facilitated cell 
viability and glucose uptake during radiotherapy under hypoxic con-
ditions. Notably, the response to radiotherapy was more powerful 
in HIF-1α and/or Glut-1 knockout tumours than in tumours treated 
with wortmannin only, particularly in tumours with double knock-
out. A possible explanation is that knockout of HIF-1α or Glut-1 di-
rectly promotes radiosensitivity while inhibiting activation of the 
PI3K/Akt/mTOR pathway. These changes led to improved radio-
therapeutic effects on laryngeal tumours. These findings were con-
sistent with the results in hypoxic tumour cells in vitro. Actually, the 
expression of HIF-1α/Glut-1 and activation of PI3K/Akt/mTOR are 
contacted, influenced and cause-and-effect each other. However, 
we could distinguish which one activate the other one and which 
one is another one's upstream factor. Maybe, there is a kind of like 
X-factor controlling the both HIF-1a/Glut-1 and the PI3K/Akt/mTOR 
pathway, which might be verified by like single cell sequencing or 
proteomics in further study.

In conclusion, the findings in this study suggest that both the 
PI3K/Akt/mTOR signalling pathway and HIF-1α/Glut-1 are activated 
in hypoxic tumour cells, thereby facilitating glucose uptake radio-
resistance in laryngeal carcinoma cells. HIF-1α and/or Glut-1 could 
be promising candidates for improving radiosensitivity in laryngeal 
carcinoma.
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