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ABSTRACT

Radioresistance is the major obstacle that affects the efficacy of radiotherapy which is an important
treatment for cervical cancer. By analyzing the databases, we found that aldolase A (ALDOA), which is
a key enzyme in metabolic reprogramming, has a higher expression in cervical cancer patients and is
associated with poor prognosis. We detected the expression of ALDOA in the constructed cervical cancer
radioresistance (RR) cells by repetitive irradiation and found that it was upregulated compared to the
control cells. Functional assays were conducted and the results showed that the knockdown of ALDOA in
cervical cancer RR cells inhibited the proliferation, migration, and clonogenic abilities by regulating the
cell glycolysis. In addition, downregulation of ALDOA enhanced radiation-induced apoptosis and DNA
damage by causing G2/M phase arrest and further promoted radiosensitivity of cervical cancer cells. The
functions of ALDOA in regulating tumor radiosensitivity were also verified by the mouse tumor trans-
plantation model in vivo. Therefore, our study provides new insights into the functions of ALDOA in
regulating the efficacy of radiotherapy and indicates that ALDOA might be a promising target for
enhancing radiosensitivity in treating cervical cancer patients.
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Introduction activation of the Warburg effect in tumor cells implies
enhanced metabolism,"” and metabolic reprogramming also
plays an important role in the development of RR.'® It has been
demonstrated that AKT-mediated alterations in the glucose
metabolism pathway cause liver cancer cells and CC cells to
develop acquired RR."” Abnormal activation of enzymes in the
glycolytic metabolic pathway leads to lactate accumulation,
which is also critical for the development of RR."?

Aldolase family members are catalytic enzymes in the
fourth step of glycolysis that convert fructose 1, 6-diphosphate
to glyceraldehyde-3-phosphate (GAP) and dihydroxyacetone
phosphate (DHAP).'®'® The three subtypes in this family are
ALDOA, ALDOB, and ALDOC.*® ALDOA is highly expressed
in a variety of cancers, such as lung cancer, kidney cancer,
colorectal cancer, and pancreatic cancer, which is closely
related to the development of cancer.?*">* It has been reported
that high expression of ALDOA can enhance the resistance of
colorectal cancer cells to RT.** In our previous study, ALDOA
was found to be upregulated in prostate cancer RR cell lines
and inhibition of ALDOA enhanced the radiosensitivity of
prostate cancer RR cells.”> However, whether ALDOA plays
arole in regulating radiosensitivity in CC has not been defined
yet. In this study, we also found that ALDOA was highly

As the fourth most common female malignancy, cervical can-
cer (CC) threatens women’s health especially in developing
countries with high mortality rate."”? It is estimated that
approximately 604,127 cases of CC and 341,831 deaths from
CC occurs worldwide in 2020.”> The major treatment for CC
includes surgery, radiotherapy (RT), chemotherapy, and
immunotherapy,*™® among which RT is an important treat-
ment for advanced CC.”®* However, radioresistance (RR) is
a major issue that leads to failure of treatment and poor
prognosis of patients with advanced CC.”"" Therefore, explor-
ing the mechanism of RR is critical to promote the sensitivity
of RT and obtain better therapeutic effects.

The mechanism of RR in tumor cells is very complex, and it
is currently believed that the high DNA repair ability of tumor
cells, the strong self-healing ability of cancer stem cells and the
alteration of the tumor microenvironment are important rea-
sons for RR."”> RT causes DNA double-strand breaks."?
However, the high DNA repair capacity of tumor cells often
leads to RR, such as Poly (ADP-ribose) polymerase -1
(PARP1), which is involved in single-stranded DNA repair,
leading to diminished radiosensitivity in CC."* Meanwhile,

CONTACT Lei Chang 8 fccchangl@zzu.edu.cn @ Department of Obstetrics and Gynecology, The First Affiliated Hospital of Zhengzhou University, No.1 Jianshe East
Road, Zhengzhou, Henan 450052, China

*These authors contributed equally to this work.
Supplemental data for this article can be accessed online at https://doi.org/10.1080/15384047.2023.2287128

© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the
posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0003-3926-5551
https://doi.org/10.1080/15384047.2023.2287128
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15384047.2023.2287128&domain=pdf&date_stamp=2023-11-27

2 (&) J.ZHOUET AL.

expressed in CC patients by bioinformatics analysis. The
expression of ALDOA was also detected in our constructed
CC RR cell lines by repetitive radiation, which showed higher
expression compared to those control cells. Thus, functions
and the potential mechanisms of how ALDOA regulates the
radiosensitivity of CC were investigated in this study.

Here, we first established the correlation between ALDOA
and CC prognosis by analyzing the TCGA databases. We
established two pairs of CC RR cell lines and examined the
expression of ALDOA. The malignant biological behavior,
glycolytic changes and radiosensitivity were further detected
in our constructed cells. We also verified the regulatory func-
tions of ALDOA on radiosensitivity in the mouse tumor
model. Taken together, our results revealed that the high
expression of ALDOA in CC RR cells could promote cell
proliferation, migration, and anti-apoptosis. The potential
mechanism that ALDOA contributes to RR is via the regula-
tion of glycolysis. Therefore, targeting ALDOA may be
a promising strategy to increase radiosensitivity in CC
treatment.

Results

Expression of ALDOA in CC is associated with the
prognosis

To investigate the clinical significance of ALDOA in CC, we
searched and analyzed the TCGA database to compare the
differential expression of ALDOA in CC and found that the
expression of ALDOA in CC patients was significantly upre-
gulated compared with that in normal controls (Figure la).
Further analysis showed that the overall survival rate of CC
patients with higher expression of ALDOA was poorer
(Figure 1b). We further used the ROC curve to evaluate the
diagnostic value of ALDOA in CC and the AUC was 0.862
(Figure 1c), suggesting that the prediction effect is very good.
The results showed a strong correlation between the expres-
sion of ALDOA and the prognosis of CC. We established
SiHa-RR and C33A-RR cells as described in the method part
for in vitro analysis. Clonogenic experiments were used to
confirm the successful construction of RR cells. The survival
rates of SiHa-RR and C33A-RR cells were higher at 2, 4, and 6
Gy compared to the control non-irradiated CC cells
(Figure 1d), suggesting higher RR in constructed irradiated
cells. The expression of ALDOA was detected by qRT-PCR
and western blot analysis in the constructed cells. The expres-
sion of ALDOA in SiHa-RR and C33A-RR cells is higher
compared to SiHa and C33A cells (Figure le, 1f). These results
indicate that ALDOA is overexpressed in CC RR cells.

ALDOA knockdown affected biological activities of CC
RR cells

To explore the functions of ALDOA in CC RR cells, we con-
structed ALDOA knockdown cell models in SiHa-RR and
C33A-RR cells with two different shRNA1 or shRNA2. qRT-
PCR and western blot analysis were conducted to confirm the
knockdown of ALDOA in SiHa-RR and C33A-RR cells
(Figures 2a, 2b). The effect of ALDOA on cell colony

formation was detected in the transfected cells. Compared
with the control group, the colony formation ability of
ALDOA knockdown groups was significantly reduced
(Figure 2c). CCK-8 was used to evaluate the proliferation
ability of ALDOA in CC cells. We found that knockdown of
ALDOA significantly inhibited cell proliferation (Figure 2d).
In addition, we tested the cell migration by transwell assay and
found that the migration ability of SiHa-RR and C33A-RR
ALDOA knockdown cells was significantly reduced
(Figure 2e, 2f). In conclusion, the knockdown of ALDOA in
SiHa-RR and C33A-RR cells inhibits clone formation, cell
proliferation, and migration.

ALDOA knockdown promotes cells apoptosis and
aggravates DNA damage induced by RT

To verify the role of ALDOA in the radiosensitivity of CC, we
evaluated the effect of knockdown ALDOA on CC RR cells by
flow cytometry. Compared with the control group, ALDOA
knockdown increased the number of apoptotic cells, and the
apoptotic rate of the ALDOA knockdown group after RT
further increased (Figures 3a, 3b). The percentage of the G2/
M phase of CC cells in the ALDOA knockdown group
increased. After irradiation, the G2/M phase arrest in the
ALDOA knockdown group was further enhanced
(Figures 3c, 3d). Irradiation destroys the molecular structure
of cells and directly causes DNA damage. y-H2AX reflects the
degree of DNA damage. To detect the mechanism of ALDOA’s
influence on cells under irradiation, we measured the number
of y-H2AX foci in the stably transformed cell line 24 hours
after irradiation by immunofluorescence. Compared with the
control group, the formation of y-H2AX foci in the ALDOA
knockdown group increased. After irradiation, the content of
y-H2AX in the ALDOA knockdown group further increased
(Figures 3e, 3f). These data indicate that targeting ALDOA can
promote irradiation-induced apoptosis, cell G2/M phase
arrest, and aggravate radiation-induced DNA damage.

ALDOA knockdown increases the radiosensitivity of
CC RR cells in mouse xenotransplantation model

To evaluate the effect of ALDOA on the radiosensitivity of
CC in vivo, we constructed tumor transplantation in mice.
BALB/c nude mice were subcutaneously injected with stably
transfected SiHa-RR cells. According to the data, compared
with mice injected with SiHa-RR shRNA NC cells, mice
injected with SiHa-RR shRNA ALDOA cells had slower
xenograft tissue growth and smaller tumor volume and
weight (Figure 4a-c). ALDOA knockdown combined with
RT further inhibited tumor growth, and the tumor growth
rate and volume were significantly lower than those in the
control group (Figure 4a-c). We performed immunohisto-
chemical staining on the obtained tumor tissues, and the
results showed that the protein representing proliferation of
irradiated tumors was significantly reduced, while the pro-
tein representing DNA damage was significantly increased
(Figures 4d, 4e). These results indicate that ALDOA knock-
down can significantly inhibit tumor cell proliferation and
improve radiosensitivity.
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Figure 1. ALDOA is overexpressed in CC RR cell lines and correlated with prognosis. (a) By analyzing the UCSC XENA database (https://xenabrowser.Net/datapages/),
ALDOA expression was significantly increased in CC tissues compared with normal cervical tissues (***P < .001). (b) According to the TCGA database (https://portal.Gdc.
cancer.gov/), CC patients with higher ALDOA expression have a lower overall survival rate (*P <.05). (c) According to the AUC curve of the UCSC XENA database
(https://xenabrowser.Net/datapages/), ALDOA can be used as a better diagnostic standard for CC (AUC = 86.20% with 95% Cl = 74.1-98.2%). (d) Colony formation
assay showed that the CC RR cells (SiHa-RR and C33A-RR) had stronger resistance to RT. (e) The expression of ALDOA in CC cell lines SiHa, SiHa-RR, C33A and C33A-RR
was measured by gRT-PCR. (f) The protein expression level of ALDOA in SiHa, SiHa-RR, C33A and C33A-RR was detected by western blot. *P < .05, **P < .01, ***P < .001.

ALDOA promotes glycolysis in CC RR cells energy through the glycolytic pathway, and several glycoly-

Targeting tumor glucose metabolism alters the tumor micro- sis-related proteins are involved in the regulation of cancer

> 17,27 q: . .
environment and modulates the radiosensitivity of solid cells’ RR. Since ALDOA is a key enzyme in the glucose
tumors.”® It is well known that cancer cells mainly obtain metabolic pathway, we wondered whether ALDOA affected
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Figure 2. Knockdown ALDOA inhibits cell clonal formation, proliferation, and migration. (a) The mRNA expression of ALDOA in transfected SiHa-RR or C33A-RR cells was
measured by qRT-PCR. (b) The protein expression level of ALDOA in transfected SiHa-RR, C33A-RR cells was measured by western blot. (c) The clonal formation
experiment showed that the cloning ability of SiHa-RR and C33A-RR decreased after ALDOA knockdown. (d) Cell proliferation of transfected SiHa-RR or C33A-RR cells
was analyzed by CCK-8 assays. OD 450 values at indicated time points were displayed to indicate cell proliferation. (e-f) The transfected cells were used for migration
measurement, stained with crystal violet, and counted under the light microscope. *P < .05, **P < .01, ***P <.001.

CC RR cells’ biological activities by regulating glycolysis in
the cells. By seahorse extracellular flux analysis, we found
that the knockdown of ALDOA significantly inhibited ECAR
in SiHa-RR and C33A-RR cells (Figure 5a). Metabolic pro-
duct detection consistently found that the knockdown of
ALDOA reduced glucose uptake and lactic acid production
in CC RR cells (Figures 5b, 5¢). We also detected key
enzymes related to glycolysis by western blot analysis. The
results showed that the expression of glycolysis-related

proteins decreased significantly (Figures 5d, 5e). These
results clearly indicate that ALDOA regulates the glycolysis
pathway in CC RR cells.

Discussion

RT is known to be a crucial treatment for patients with advanced
CC.**7° The occurrence of RR severely reduces the efficacy of
RT, but the mechanism of RR remains elusive,”">* and the
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prognosis of patients with advanced CC is still poor.” Recent
research has revealed that one of the primary causes of RR in
cancer is metabolic reprogramming,”**> however, the possible
mechanism is still unknown. Accumulated evidence shows that
cell metabolism affects radiosensitivity and patients with upre-
gulation of glycolysis have poorer prognosis.*>*’ In this study,
we found that high ALDOA expression was associated with poor
prognosis in patients with CC. In addition, we first reported that
targeting ALDOA could elevate the apoptosis induced by radio-
therapy and enhance the radiosensitivity of CC cells.

It is reported that metabolic reprogramming provides energy
for the growth and proliferation precursors of tumor cells, and
ALDOA is related to the proliferation and metastasis of cancer

cells.”®** In this study, we found that the level of ALDOA in
established CC RR cells was higher than that in CC cells.
Therefore, we made some exploration by detecting the effect
of ALDOA knockdown in CC cells. It has shown that ALDOA
knockout could inhibit the clone formation, proliferation, and
migration of CC cells. These data together show that targeting
ALDOA can inhibit the malignant behavior of CC cells.

DNA double-strand breaks in cells after irradiation exerts
a direct effect on cell death, but some tumor cells can repair
the DNA damage through homologous recombination (HR)
and non-homologous end joining (NHE)).***! However, the
exploration of the effects of ALDOA on RR in CC is very
limited. Thus, analyzing whether ALDOA affects CC RR and
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its potential mechanism may provide new insights into the
related treatment strategies. Our findings showed that the
knockdown of ALDOA combined with RT caused G2/M
phase arrest of CC cells and inhibited cell proliferation,
which was also verified in vivo. It indicates that targeting
ALDOA aggravates radiation-induced apoptosis. Previous
studies have shown that histone H2AX is a key DNA damage
signaling protein, and DNA double-strand breaks prompt
phosphorylation of Ser 139, and the phosphorylated H2AX
is known as y-H2AX.*>** The marker of DNA damage, y-
H2AX, was also up-regulated in the ALDOA knockdown
group under irradiation. In addition, ALDOA knockdown
combined with RT greatly inhibited the growth of xenograft
tumors in vivo. Immunohistochemical analysis indicated that
the expression of Ki67 was significantly lower while the
expression of y-H2AX was higher in ALDOA knockdown
combined with the RT treatment group than in the control
group. Therefore, our results strongly support that inhibiting
ALDOA can improve the radiosensitivity of CC cells. For the
mechanism study, since enhanced glycolysis promotes RR in
tumor cells'”** and ALDOA plays an important role in
glycolysis. Our study demonstrated that targeting ALDOA
reduced glucose uptake and lactate production, and inhibited
glycolysis in CC RR cells. This suggests that inhibiting gly-
colysis may be a feasible method for radiosensitization
of CC.

To summarize, our research results show that targeting
ALDOA can reduce the malignant potential and improve
radiosensitivity in CC. Thus, ALDOA can be used as

a potential target for radiation sensitization. However, further
exploration is still needed to promote clinical transformation
and improve the prognosis of CC patients.

Materials and methods
Cell culture

CC cell lines SiHa and C33A were purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA). Cells
were cultured in Modified Eagle Medium (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10%
fetal bovine serum (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA) and 1% penicillin/streptomycin (Procell, Wuhan,
China) at 37°C in an incubator containing 5% CO..

Establishment of CC RR cells

SiHa and C33A were plated in 25 cm” flasks. When cell fusion
reached 60%, 1 cm thick compensation was covered on flasks,
and the linear accelerator (Siemens, Berlin, Germany) was
used to irradiate at a radiation dosage of 2 Gy with a rate of
600 cGy/min. Cells were kept at room temperature for 30
minutes and then transferred to an incubator for incubation
for 24 hours before replacement with a fresh medium. To
construct stable RR cell lines, cells were irradiated every 2
days subsequently. CC cells SiHa were exposed to a total
dose of 76 Gy and C33A was irradiated with 60 Gy. The



a SiHa-RR
801 ) ) 2-DG -o- NC
Oligomycin
-# shRNA-1
= 60 .
= ShRNA-2
E Glucose
5
£ 404 l
©
S
Q 20
Ol T T T 1
0 20 40 60 80
Time (minutes)
b SiHa-RR C33A-RR
51 25—
S a4 S 207
o o e 7
£ 2 g
7z 8 34 * 7 8 15
§%® = §%e
% = 2 % = 1.0
8 E g E
5 1 & 05
0- 0.0-
o N D o N D
< e?‘ e?‘ < Jr ¥
N N
() =) =) =)
d NC ShRNA ”
##2 3 1.57
>
o
LDHA | s— — S
7]
¢ 1.0
s .
PKM2 | — — &
=
s
5 0.5
HKT | i a— o— >
=
B
[0} -
FAUbl | 08
LDHA
e
NC  shRNA
#1#2 2 454
3
LDHA | S — — <
P2 | S - 2
.‘GE_‘J
S
o
=
©
B-tublin °

———

LDHA

CANCER BIOLOGY & THERAPY 7

C33A-RR

Oligomycin 2 v

|

-e- NC
-# shRNA-1
shRNA-2

Glucose ——

20+

ECAR (mpH/min)

-
o

0 T T T T T
0 20 40 60

Time (minutes)

100

c SiHa-RR

C33A-RR

(mM/10° cells)

Lactate production level
(mM/10° cells)
Lactate production level

SiHa-RR
== NC
EE ShRNA-1
. - . EE ShRNA2
PKM2 HKA1
C33A-RR
= NC
EE ShRNA-1
BN ShRNA-2

PKM2 HK1

Figure 5. Knockdown ALDOA in CC RR cells inhibits the glycolysis pathway. (a) Seahorse Bioscience XFp analyzer added with the glucose (10 mM), oligomycin (1.0 pM),
and 2-deoxy-d-glucose (2-DG, 50 mM) was used to detect the cellular acidification rate of transfected cells. (b) Determination of glucose consumption in SiHa-RR and
C33A-RR by stably knockdown ALDOA. (c) Determination of lactic acid production in SiHa-RR and C33A-RR cells by stably knockdown ALDOA. (d-e) The expression
levels of glycolytic proteins LDHA, PKM2, and HK1 in transfected SiHa-RR, C33A-RR cells were measured by western blot. *P < .05, **P < .01, ***P < .001.

clonogenesis assay was used to determine the establishment of
SiHa-RR and C33A-RR cells.

Cell transfection

The pEX-3 vector was used to construct the short hairpin RNA
targeting ALDOA (shRNA ALDOA) accompanied by

a negative control sequence (ShRNA NC). The shRNA plas-
mids (GenePharma, Shanghai, China) were purchased and
used to knock down ALDOA in SiHa-RR and C33A-RR
according to the manufacturer’s instructions (GenePharma,
Shanghai, China). After 24 hours of transfection, the cells
were subcultured into the selective medium (Opti-MEMTM,
Thermo Fisher Scientific, Waltham, MA, USA) at the ratio of
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1:10. After 1-2 weeks of culture, most of the cells were killed.
The target cells stably integrated into the cell genome could
survive and grow in the selective medium. Stable transfection
was established and cells were collected for further experi-
ments. The sequences of shRNA ALDOAIl: 5'-
GCCAATGTTCTGGCCCGTTAT-3', shRNA ALDOA2: 5'-
GCCTTGCCTGTCAAGGAAAGT-3".

Quantitative real-time PCR (qRT-PCR)

Cells were collected and total RNA was extracted by the trizol
reagent (Invitrogen, MA, USA). Complementary DNA
(cDNA) was obtained by reverse transcription according to
the instruction manual of the RNA reverse transcription kit
(Takara company, Dalian, China). The cDNA was diluted with
diethyl pyrocarbonate (DEPC) water. According to the
instructions of the quantitative SYBR Green PCR kit (Takara
company, Dalian, China), each gene was set with three repeats,
and qRT-PCR was performed with glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) as an internal reference.
Primer sequences are shown in Supplementary Table 1. The
experiment was repeated three times with 3 repetitions each
time.

Western blotting analysis

Western blot analysis was conducted as previously reported.*
In brief, cells were lysed by the enhanced RIPA Lysis Buffer
(EpiZyme, Shanghai, China). Protein extracts were separated
by SDS-PAGE electrophoresis, which were transferred to
a polyvinylidene fluoride (PVDF) membrane. The expression
of proteins was detected by the incubation of the correspond-
ing antibodies. The antibodies used are listed in
Supplementary Table 2. Image ] software is used for quantita-
tive analysis. The experiment was repeated three times.

Cell proliferation assay

Cell counting Kit-8 (CCK-8) assay was used for the detection
of cell proliferation ability. 4000 cells per well were placed in
96-well plates and incubated in an incubator at 37°C with 5%
CO, for 24 hours. After adding CCK-8 solution (Dojindo,
Kumamoto, Japan) for 2 hours, the absorbance value of each
well was determined at 450 nm by an enzyme labeling instru-
ment (BioTek Instruments, Inc., Winooski, VT, USA).

Colony formation assay

2000 stably transfected cells were inoculated in a six-well
culture dish. After 2 weeks of culture, the cells on the control
plate can form colonies. Take out the medium and wash the
cells with 2 ml Phosphate Buffer Saline (PBS). The cells were
fixed with 4% paraformaldehyde (Leagene, Beijing, China) at
room temperature and stained with 0.1% crystal violet solution
(EpiZyme, Shanghai, China). Then rinse the crystal violet with
tap water and place the petri dish on the table at room tem-
perature. The cell colonies were imaged and counted.

Cell cycle analysis

Flow cytometry was performed to detect the cell cycle. Cells
were irradiated with 6 Gy and cultured for 24 hours, digested
with trypsin and washed with PBS, and then fixed with pre-
cooled 75% ethanol overnight. Cells were stained with a DNA
staining solution for 30 minutes in the dark at room tempera-
ture, and analyzed by flow cytometry to determine cell cycle.

Cell apoptosis analysis

Transfected cells were irradiated with 6 Gy and cultured for 24
hours. The cells were digested with trypsin and washed with
ice-cold PBS before centrifugation and collection. Cells were
double stained with FITC-annexin V and PI (Keygen Biotech,
Jiangsu, China), and apoptosis was subsequently analyzed by
flow cytometry.

Cell migration assay

The migration capabilities of CC cells were determined by
transwell assay. The upper compartment was inoculated with
an amount of 1x 10° cells/well, and 500 puL MEM (Procell,
Wuhan, China) containing 20% FBS was added to the lower
compartment. After 24 hours of culture, fix it with methanol
for 30 minutes, and dye it with crystal violet for 15 minutes.
Wipe the cells on the upper layer of the microporous mem-
brane with a cotton swab and count the cells under the upper
layer with the microscope (Carl Zeiss, Oberkochen, Germany).
Three repetitions were set for each group and the experiment
was repeated three times.

Glucose consumption and lactate production

Stably transfected CC cells (1 x 10° cells/well) were inoculated
into a six-well plate overnight, the medium was changed and
cell supernatant was collected 24 hours later. The glucose and
lactic acid contents in the supernatant were detected using the
glucose detection kit (Abcam, Milpitas, USA) and the lactic
acid detection kit (Abcam, Milpitas, USA) according to the
manufacturer’s protocol.

Seahorse metabolic measurements

Stably transfected cells were cultured in a conditioned medium
and calibrated for 1 hour under CO,-free conditions. The
glucose, oligomycin and 2-DG were added into the XF cell
culture microplate, and the extracellular acidification rate
(ECAR) in XF base medium containing 1 mM glutamine
(pH =7.4) was measured with the XFp analyzer (Agilent,
Santa Clara, CA, USA). The Wave software (version 2.6.1)
was used to normalize the original data.

Cell immunofluorescence staining

After irradiation for 24 hours, cells were washed with PBS and
then fixed with 4% paraformaldehyde for 30 minutes. Cells
were permeated by treatment with 0.3%Triton X-100, then
blocked with 5% goat serum for 30 minutes and incubated



overnight with anti-y-H2AX as the primary antibody (Abcam,
Hong Kong, China). The next day, cells were washed with PBS
and incubated with anti-rabbit IgG Alexa Fluor 594 Conjugate
antibody (Cell Signaling Technology, Boston, USA) for 1 hour
at 37°C in the dark before staining with DAPI. Finally, images
were captured using a fluorescent inverted microscope (magni-
fication, x200).

Tumor xenograft model

The experimental protocol was evaluated and approved by the
ethics committee of the First Affiliated Hospital of Zhengzhou
University (2019-KY-0026-001). We carried out the experiment
in strict accordance with the declaration of Helsinki and
approved guidelines. 6-8 weeks female BALB/c athymic nude
mice were randomly divided into two groups. 5x 10° stably
transfected cells were injected subcutaneously into nude mice.
The tumor size (volume =length x width?/2) was measured
after injecting cells with vernier caliper every 3 days. When the
average tumor volume reached 100 mm?, RT was carried out.
Each irradiation is 6 Gy, and every other day for 3 times in total.
When the tumor length of the control group reached 1.5 cm, the
mice were euthanized. Tumor tissues were collected, measured,
and embedded in paraffin. Immunohistochemical staining was
conducted for anti-y-H2AX (Cell Signaling Technology, Boston,
MA, USA) and anti-Ki67 antibodies (Cell Signaling Technology,
Boston, MA, USA) as previously described.*’

Statistical analysis

SPSS 22.0 and GraphPad Prism 9 software were used for statistical
analysis. Student’s t-test was used to analyze the differences
between the two groups of data, and one-way analysis of variance
(ANOVA) was used to analyze the differences between the three
groups and more than three groups of data. The measured data
are expressed in the form of mean + SEM. When *P < .05, **P
<.01, **P <.001, it is considered to be statistically significant.
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