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Abstract

Background: Radiotherapy is crucial for managing esophageal squamous cell carcinoma (ESCC). This research explored the potential
and mechanism of enhancing ESCC radiosensitivity through targeting phosphoglycerate kinase 1 (PGK1). Methods: After ESCC cells
were exposed to X-rays and C-ions, hub genes were identified through proteomic analysis and bioinformatics. To elucidate PGK1’s
function, small interfering RNAs and plasmids were used to silence and overexpress PGK1 in two human ESCC cell lines. Plate colony
formation, cell counting kit 8, and 5-ethynyl-2’-deoxyuridine assays were conducted to detect cell proliferation after irradiation with
different linear energy transfer rays (X-rays and carbon ions). Flow cytometry was used to assess radiation-induced perturbations in the
cell cycle, apoptosis, reactive oxygen species (ROS), and mitochondrial membrane potential. Western blotting was performed to detect
the protein expressions of protein kinase B (Akt), phosphorylated protein Kinase B (pAkt), mammalian target of rapamycin (mTOR),
and phosphorylated mammalian target of rapamycin (pmTOR). Results: Proteomics and bioinformatics analyses revealed that PGK1
plays a key role in modulating ESCC radiosensitivity. Knockdown of PGK1 resulted in the suppression of cancer cell proliferation
and viability, promoted apoptotic processes, and demonstrated a synergistic anti-tumor effect in conjunction with radiation. Conversely,
overexpression of PGK1 promoted cancer cell growth and increased radiation resistance. This may be attributed to the accumulation of
ROS and the inhibition of Akt/mTOR pathway following PGK1 inhibition. Conclusion: Targeting PGK1 may be an effective strategy
to increase ESCC radiation sensitivity, offering a promising strategy for improving treatment outcomes.
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1. Introduction Phosphoglycerate kinase 1 (PGK1) serves as the initial
enzyme to produce ATP within the glycolytic. It catalyzes
the ADP phosphorylation by transferring a phosphate group
from 1,3-bisphosphoglycerate, resulting in the formation of
3-phosphoglycerate and ATP reversibly. PGK1 is notably
elevated in cancers such as ESCA, cervical carcinoma, and
lung squamous cell carcinoma, showing a significant cor-
relation with the survival and prognosis [6]. Functioning as
both a glycolytic enzyme and protein kinase, PGK1 mod-
ulates cellular metabolism by coordinating glycolysis with
the mitochondrial tricarboxylic acid cycle [7]. Moreover,
PGKI participates in angiogenesis, DNA replication and re-
pair, and autophagy initiation, and it is essential for tumori-
genesis and development [7,8]. Nevertheless, the function
of PGK1 in the context of IR in tumor cells remains largely

Esophageal carcinoma (ESCA) is a prevalent neoplas-
tic disease of the gastrointestinal tract in China, represent-
ing over 40% of global cases [1]. Esophageal squamous
cell carcinoma (ESCC) is the most prevalent histological
subtype worldwide, comprising more than 85% of ESCA
cases in China [2,3]. Ionizing radiation (IR) serves as a
primary therapeutic modality for ESCC, particularly in pa-
tients deemed inoperable. However, the local control rates
and survival outcomes for patients with inoperable ESCA
remain concerning, even with the implementation of up to
60 Gy of definitive radiotherapy, with local recurrence oc-
curring in 40%-60% of patients [3,4]. A study has shown
that increasing radiation doses for esophageal cancer does
not lead to better survival but rather increases radiation-

induced damage [5]. Therefore, effectively improving the unexplored.

radiosensitivity and reducing metastasis and recurrence fol- Currently, radiotherapy for esophageal cancer mainly
lowing ESCC radiotherapy represent significant challenges utilizes X-rays. However, clinical evidence from mul-
for ESCC radiotherapy. tiple cancer centers indicates that carbon ion radiother-

Copyright: © 2025 The Author(s). Published by IMR Press.
BY This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/FBL36430
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-2472-2959
https://orcid.org/0009-0001-6500-3646

apy (CIRT) is also an effective and feasible option for
esophageal cancer [9,10]. Compared with photons (X-
rays), C-ions exhibit a higher linear energy transfer (LET),
resulting in more significant biological damage. Moreover,
C-ions release an enormous amount of energy at the end of
their range, offering advantages for both tumor treatment
and sparing of surrounding healthy tissues. As radiother-
apy technology progresses and clinical trials deepen, C-ions
radiotherapy may become an increasingly important treat-
ment modality for esophageal cancer patients.

In this study, we analyzed the mass spectrometry re-
sults of ECA-109 cells after X-rays and C-ions irradia-
tion, and found that PGK1 is a key molecule involved in
the radiation response. Subsequently, we investigated the
function of PGK1 during X-rays and C-ions irradiation of
ESCC cells regarding proliferation, apoptosis, and the cell
cycle. Our results suggest that highly expressed PGK1 in-
hibits the radiosensitivity of ESCC, which may be linked
to reducing reactive oxygen species (ROS)-mediated mito-
chondrial damage and the activation of the protein kinase
B (Akt)/mammalian target of rapamycin (mTOR) signal-
ing pathway. This study not only revealed the function
of PGK1 during ionizing radiation in ESCC cells but also
provided insights into its signal transduction mechanism.
These findings deepen our comprehension of IR resistance
and present a reasonable therapeutic target to augment the
radiosensitivity of ESCC cells.

2. Materials and Methods
2.1 Cell Culture

The human ESCC cell lines, ECA-109 and KYSE-
150, were purchased from Sun Yat-sen Memorial Hospi-
tal (Guangzhou, China). Additionally, the human nor-
mal esophageal cell line, HEEC, was obtained from the
BeNa Culture Collection (BNCC359279, BNCC, Beijing,
China). These cells were maintained under RIPM-1640
medium (SH30809.01, Hyclone, Logan, UT, USA) supple-
mented with 10% fetal bovine serum (FBS) (FSP500, Ex-
Cell Bio, Shanghai, China), 100x penicillin-streptomycin
liquid (P1400, Solarbio, Beijing, China). Cultivation was
carried out at 37 °C with 5% COs atmosphere. All
cell lines were validated by STR profiling tested for My-
coplasma contamination by MycoStripe (rep-mys-10, In-
vivoGen, San Diego, CA, USA).

2.2 TMT Quantitative Proteomic

For proteomic investigation, ECA109 cellular sam-
ples were harvested following a 48-hour incubation period
post-irradiation, including three treatment conditions: non-
irradiated controls (0 Gy), X-ray exposure at 2 Gy, and
C-ions irradiation at 2 Gy. Specific experimental proce-
dures were performed as previously described [11]. Fol-
lowing data acquisition, MS/MS results were processed
through the Proteome Discoverer 2.2 platform (Waltham,
MA, USA), employing the Matrix Science’s Search and

Correlation Tool (MASCOT) algorithm 2.6 (Matrix Sci-
ence, London, UK) for protein identification against the
UniProt (http://www.uniprot.org) reference database. Pro-
teins were deemed significantly altered if they met both cri-
teria: fold change >1.2 and p < 0.05.

2.3 Bioinformatics Analysis

To assess variability within and between groups, Prin-
cipal Component Analysis (PCA) was conducted on all re-
liably identified proteins using the factoextra package in R
software 4.3.2 (CRAN, Vienna, Austria). The overlapping
patterns of differentially expressed proteins (DEPs) were
visualized via EVenn (http://www.ehbio.com/test/venn/#/).
Heatmaps of overlapping DEPs were generated using the
“heatmap” package of R software. Enrichment analyses for
Gene Ontology (GO) and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) were conducted using R’s “cluster-
Profile” package. The STRING database (https://string-d
b.org/) was employed to generate protein-protein interac-
tion (PPI) networks. Then, PPI networks were analyzed in
Cytoscape 3.9.1 (Cytoscape Consortium, San Diego, CA,
USA) via cytoHubba, and top five hub proteins were iden-
tified based on centrality. Consensus hub proteins derived
from 12 independent algorithms were determined by Venn
analysis (http://www.ehbio.com/test/venn/#/). Esophageal
cancer data from The Cancer Genome Atlas (TCGA) and
Genotype-Tissue Expression (GTEx) were obtained via
UCSC Xena (https://xenabrowser.net). Survival analysis
used R’s maxstat for optimal mRNA cut-off determination,
with ggplot2 for boxplots and Kaplan-Meier curves.

2.4 Irradiation Conditions and Reagents

Radiation treatments were conducted using two
modalities: C-ions irradiation (100 MeV/u, LET 50
keV/um) with a 5 mm spread-out Bragg peak was deliv-
ered at Heavy lon Research Facility in Lanzhou (Institute of
Modern Physics, CAS, Lanzhou, Gansu, China) using a 10
x 10 cm field at 1 Gy/min; X-rays exposure (225 kV/13.3
mA) was performed using an X-Rad 225 system (Precision,
North Branford, CT, USA) at identical dose rate.

N-acetyl-L-cysteine (NAC) (C8460, Solarbio, Bei-
jing, China) was dissolved in sterilized water and used in
a final concentration of 10 mM in medium, which was
administered 2 h prior to irradiation. Carbonyl cyanide
m-chlorophenylhydrazone (CCCP) (C2008S-3, Beyotime,
Shanghai, China) was used in a final concentration of 10
UM in medium.

2.5 RNA Interference and Overexpression Plasmid
Transfection

GenePharma Co., Ltd. (Shanghai, China) commer-
cially synthesized the small interfering RNA (siRNA) for
PGK1 downregulation, the negative control (NC) siRNA,
and the PGK1 overexpression plasmids. Following the
manufacturer’s guidelines to knockdown and overexpress
PGKI in cells. Supplementary Table 1 lists the siRNA se-

&% IMR Press


http://www.uniprot.org
http://www.ehbio.com/test/venn/#/
https://string-db.org/
https://string-db.org/
http://www.ehbio.com/test/venn/#/
https://xenabrowser.net
https://www.imrpress.com

quences used for gene silencing. The plasmid sequence uti-
lized for PGK1 overexpression is detailed in Supplemen-
tary Table 2.

2.6 RNA Extraction and gRT-PCR

RNA was isolated with TRIzol (15596026CN, Invit-
rogen, Carlsbad, CA, USA) and reverse transcribed us-
ing a cDNA reverse transcription kit (11141ES10, Yeason,
Shanghai, China) per manufacturer’s protocol. qPCR was
performed with a SYBR Green kit (11201ES08, Yeason,
Shanghai, China) on a real-time PCR Detection System
(ASA-4800, Baiyuan, Suzhou, Jiangsu, China). [-actin
served as the internal reference for normalization. Gene
expression was quantified via the 2~22Ct method. Primer
sequences are provided in Supplementary Table 3.

2.7 Western Blot

Cellular proteins were lysed in RIPA buffer (R0010,
Solarbio, Beijing, China) supplemented with protease in-
hibitors (P6730, Solarbio, Beijing, China) and phosphatase
inhibitors (P1260, Solarbio, Beijing, China). Protein quan-
tification was performed using a BCA assay kit (PC0020,
Solarbio, Beijing, China). Samples were separated by
8%—12% SDS-PAGE and transferred to PVDF membranes
(IPVH00010, Millipore, Burlington, MA, USA). After
blocking with 5% skimmed milk or BSA, membranes were
incubated with primary antibodies (overnight, 4 °C). Subse-
quently, 1.5 h incubation with HRP-conjugated secondary
antibodies. Signal detection was achieved using enhanced
chemiluminescence reagent (PE0010, Solarbio, Beijing,
China) and visualized with a chemiluminescence detection
system (GD50202, Monad, Zhejiang, Jiangsu, China). Im-
agel software 1.54f (NIH, Bethesda, MD, USA) was then
used to quantify the images. Antibody details are provided
in Supplementary Table 4.

2.8 Clonogenic Formation Assay

Cells (300—6000 cells) were plated in & 60-mm dishes
and cultured (37 °C, 5% CO3) for 10-14 days. After
formaldehyde fixation and 1.0% crystal violet (G1063, So-
larbio, Beijing, China) staining, colonies (>50 cells) were
counted by ImageJ software 1.54f. Clonogenic surviving
fractions were calculated as (colonies counted/seeded cells)
x 100, and normalized to non-irradiated controls. Survival
curves were generated using the linear quadratic model
(SF = e*(-(aD+Bd"2))) in GraphPad Prism 9.0 (GraphPad
Corp., San Diego, CA, USA). Relative biological effective-
ness (RBE) values were determined as the ratio of X-rays
to C-ions doses required for 10% survival.

2.9 Cell Proliferation Assay

2000 cells/well were seeded in a 96-well plate. 10
pL cell counting kit-8 (CCK-8) reagents (40203ES, Yea-
son, Shanghai, China) were introduced into each well, and
the plate was subsequently maintained for 2 h. For 3 con-
secutive days, the absorbance at 450 nm was recorded using
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a microplate reader (Infinite M200 Pro, Tecan, Mannedorf,
Zurich, Switzerland).

The 5-Ethynyl-2’-deoxyuridine (EdU) detection was
performed using the Cell-Light™ EdU Apollo Kit per man-
ufacturer’s instructions (C10310-1, RIBOBIO, Guangzhou,
Guangdong, China). Cells in 12-well plates were labeled
with EJQU for 2 h, and then stained in the dark for 30 min.
Subsequently, nuclei were re-stained with Hoechst 33,342
for 30 min in the dark. Images were acquired by fluo-
rescence microscopy (DP74, Olympus, Shinjuku, Tokyo,
Japan).

2.10 Flow Cytometry

The Annexin V-FITC/PI apoptosis detection kit
(MA0220, MeilunBio, Dalian, Liaoning, China) was used
to evaluate apoptosis. Briefly, the harvested cell were
treated with annexin V-FITC and PI in 1x binding buffer
(15 min, dark). Cell cycle analysis required 75% ice-cold
ethanol fixation and storage at —20 °C > 2 h. Prior to
analysis, fixed cells were centrifuged and washed accord-
ing to the protocol of the Cell Cycle Staining Kit (CCS012,
MULTI SCIENCES, Hangzhou, Zhejiang, China). Then,
cells were stained with DNA staining solution in darkness
for 30 min. Intracellular ROS was measured by the flu-
orescent probe DCFH-DA (S0033S, Beyotime, Shanghai,
China), which was diluted in serum-free medium and used
to incubate cells for 30 min at 37 °C. Mitochondrial mem-
brane potential (MMP) was evaluated using Rhodamine
123 staining (C2008S, Beyotime, Shanghai, China). Cells
were incubated in a serum-free medium containing the dye
solution for 30 min under dark conditions. The staining re-
sults were measured by a flow cytometer (Model 100370,
Amnis/Merck Millipore, Seattle, WA, USA). Data were an-
alyzed using IDEAS 6.0 (Amnis/Merck Millipore, Seattle,
WA, USA) or FlowJo 7.6 (Tree Star Inc., Ashland, OR,
USA).

2.11 Statistical Analysis

We utilized GraphPad Prism 9.0 for both statistical
computations and visualizations. For direct comparisons
between just two groups, we relied on an unpaired #-test.
However, for situations requiring analysis across several
groups, we turned to one-way or two-way analysis of vari-
ance, complemented by post-hoc Bonferroni test. The log-
rank test was employed for survival analysis. The statisti-
cal comparisons were all two-tailed, with p-values below
0.05 indicating statistical significance. Experimental data,
derived from at least three independent replicates, are pre-
sented as means + standard deviation.

3. Results
3.1 Screening of Key Proteins

First, we evaluated the consistency of the sample. The
PCA results showed high aggregation among repeated sam-
ples and significant differences among different samples,
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indicating good quantitative repeatability of the samples
(Fig. 1A). A total of 521 DEPs were detected in the 2 Gy
C-ions group compared to the control group, 412 DEPs be-
tween the 2 Gy C-ions and 2 Gy X-rays groups, and 352
DEPs between the 2 Gy X-rays group and the control group.
The Venn diagram shows 33 overlapping DEPs in the three
groups (Fig. 1B). The protein expression heatmap shows the
expression levels of overlapping DEPs in different groups
and samples (Fig. 1C). We conducted GO and KEGG en-
richment analyses on these 33 DEPs to determine their func-
tional characteristics. The findings from the GO enrichment
analysis indicated that merely four terms exhibited signif-
icant enrichment within the molecular function (MF) cate-
gory, predominantly related to disulfide oxidoreductase ac-
tivity, oxidoreductase activity, and protein-disulfide reduc-
tase activity. The biological process and cellular compo-
nents were not significantly enriched (Fig. 1E). KEGG en-
richment analysis suggested that 33 DEPS were predomi-
nantly associated with carbon metabolism and the pentose
phosphate pathway (Fig. 1E). To screen for hub proteins, a
PPI network of the DEPs was constructed, with 11 nodes
and 10 edges (Fig. 1F). The top five hub proteins were
identified using twelve algorithms of the cytoHubba plug-
in (Supplementary Table 5). Through the Venn diagram
overlap of the hub proteins derived from the twelve algo-
rithms, we identified three shared hub proteins, namely,
PGK1, thioredoxin (TXN), and glucose-6-phosphate dehy-
drogenase (G6PD) (Fig. 1D).

Subsequently, we examined the mRNA levels of
PGK1, TXN, and G6PD in normal esophageal tissues and
esophageal tumor tissues. As displayed in Fig. 2D-F, the
tumor cohort exhibited notably higher mRNA levels for
TXN, G6PD, and PGKI compared to the normal group (p
< 0.001), and their expression levels were greater in ESCC
compared to EAC. We further evaluated the prognostic ef-
fect of TXN, G6PD, and PGKI mRNA expression levels
in ESCA patients. The analysis revealed no significant as-
sociation between TXN levels and overall survival (OS) in
ESCA patients, including both esophageal adenocarcinoma
(EAC) and ESCC (p > 0.05) (Fig. 2A). Elevated G6PD
expression associated with unfavorable prognosis in ESCC
patients (p < 0.05), while showing no significant impact
on EAC (p > 0.05) (Fig. 2B). In both ESCC and EAC, high
PGK] expression significantly reduced OS in these patients
(» < 0.05) (Fig. 2C). Consequently, PGK1 was selected as
the key molecule for subsequent experiments.

3.2 PGKI Impacts the Regulation of IR Concerning the
ESCC Cells Proliferation

Next, we found that the mRNA and protein levels of
PGK1 was significantly higher in ESCC cell lines (ECA-
109 and KYSE-150) compared to normal esophageal nor-
mal cell (HEEC) (p < 0.01). Specifically, the expres-
sion of PGKI mRNA and PGKI1 protein (Supplementary
Fig. 1A) and protein (Fig. 3A) was greater in ECA-109
cells compared to KYSE-150 cells (»p < 0.01). We car-

ried out Western Blotting experiments to explore the ef-
fects of radiation type and dose on PGK1 levels. The find-
ings indicated that after lower doses of X-rays radiation, the
PGKI expression levels of ECA-109 and KYSE-150 cells
increased significantly (p < 0.05), while they decreased
significantly after higher doses radiation (p < 0.05). For
C-ions, PGK1 expression in ECA-109 cells increased sig-
nificantly after lower doses radiation and decreased signifi-
cantly after higher doses radiation (p < 0.05); however, un-
like ECA-109 cells, PGK1 expression in KYSE-150 cells
did not increase significantly after lower doses of C-ions
radiation. Although PGK1 expression was inhibited after
higher doses of both X-rays and C-ions radiation, X-rays
induced a more significant increase in PGK1 expression af-
ter lower doses radiation (Fig. 3B,C).

Subsequently, we assessed the cell proliferation abil-
ity after exposure to different LET radiation. The find-
ings indicated a reduction in cell clone numbers as the ir-
radiation dose increased, particularly notable in the C-ions
group (Fig. 3D,E). Specifically, the RBE values for ECA-
109 and KYSE-150 cells were determined to be 2.05 and
2.14, respectively. Further analysis revealed that for the X-
rays group, the irradiation dose required for cell survival
fraction below 50% exceeded 2 Gy, while for C-ions, this
threshold was above 1 Gy. In light of this, we selected bi-
ologically equivalent doses (4 Gy X-rays and 2 Gy C-ions)
for further research in this investigation to ensure biolog-
ical comparability. Additionally, based on « values from
the Linear-Quadratic (LQ) model, ECA-109 cells showed
relative resistance to radiation, while KYSE-150 cells were
comparatively sensitive (Supplementary Fig. 2).

Then, we knocked down and overexpressed PGK1 in
two ESCC cells, with the knockdown and overexpression
efficiency were confirmed via qRT-PCR (Supplementary
Fig. 1B,C) and Western blotting (Fig. 3F,G). A plate colony
formation assay revealed that both PGK1 knockdown and
IR inhibited the proliferation of ESCC cells (p < 0.01).
Compared to the use of either modality alone, the combina-
tion of PGK1 knockdown and IR had significantly stronger
antiproliferative effects (p < 0.01) (Fig. 4A,C). Overex-
pression of PGK 1 resulted in an enhanced proliferation rate
and attenuated the inhibitory impact of IR on cell prolifer-
ation (p < 0.01) (Fig. 4B,D). These were validated by the
CCKS assay (Fig. 4E,F) and EdU assay (Fig. 4G,H) (p <
0.05). Therefore, overexpressing PGK 1 can promote ESCC
cells growth, whereas knocking down PGK1 enhance the
antiproliferative effects induced by IR.

3.3 PGK1 Impacts the Regulation of IR Concerning the
ESCC Cells Apoptosis

The flow cytometry results disclosed that the apopto-
sis level in the combination treatment group was notably
higher than that in the single treatment groups (p < 0.05)
(Fig. 5A). However, overexpression of PGK1 reduced IR-
induced apoptosis (p < 0.01) (Fig. 5B). These findings dis-
play that PGK1 inhibition synergistically induce cell apop-

&% IMR Press


https://www.imrpress.com

Principal Component Analysis C-ions vs X-rays C-ions vs Control
Differentially Expressed Proteins

) -

{ IS E—

PC2 (11.6%)
°

oy X-rays vs Control

Size of each list

st
|Z| C-ions - Control E X-rays 2505
4 8 -
o

PC1 (81.6%)

N SU R

| S

II%
|

C-ions

Betweenness

TMSB10
GAGE13
[ PRssw
CCNI
AKRIC3
DBNL Q
COPS2 /"se,,s
YWHAQ S5
TXN
G6PD
CSRP1

<
%
ARID5B @1{‘ 5
%

LIl

1 ClusteringCoefficient

I -1
-2

o

e ——
I

|| 0

Q
o,
=¥
g 7
ke
kSt 7
X,
X
i3
C‘o,]bb/
00'75‘0/
Anduuanag

disulfide oxidoreductase activity
p.adjust

oxidoreductase activity, acting on a sulfur
group of donors

oxidoreductase activity, acting on a sulfur
group of donors, NAD(P) as acceptor

(4w) 09

STON2 COPS2

CCNA2 CCNI

&

protein-disulfide reductase activity

p.adjust

‘ I 0.024

Fig. 1. Screening of the key proteins. (A) PCA of all identified proteins. (B) The Venn diagram shows the overlapped DEPs. (C) A
heatmap shows the expression levels of overlapped DEPs in each group of samples, with the proteins highlighted in red are the candi-

Carbon metabolism -

993X

Pentose phosphate pathway -

o

[
w o

Count

date hub proteins subsequently screened. (D) Venn diagram shows the shared proteins of the top 5 hub proteins of cytoHubba’s twelve
algorithms. (E) The bar chart visualizes the GO and KEGG enrichment outcomes of overlapping DEPs. (F) The PPI network map gener-
ated by the STRING online website shows the relationship between overlapping DEPs interactions. PCA, principal component analysis;
DEPs, differentially expressed proteins; GO, gene ontology; KEGG, kyoto encyclopedia of genes and genomes; PGK 1, phosphoglycerate
kinase 1; TXN, thioredoxin; G6PD, glucose-6-phosphate dehydrogenase.

&% IMR Press 5


https://www.imrpress.com

EAC ESCC
100 100 Expression 10 Expression
- TXN=High - TXN= High
= TXN= Low 4 TXN=Low
z L z 075 S0
H 3 H
3 g 3
8 ] 8
20 Sos0 Bos0
3 g 3
¢ ¢
@0 @025 D 5.
p=031
0.00: 0.00 0.00
0 500 1000 1500 2000 2500 3000 3500 o 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000
Time (day) Time (day) Time (day)
_ Numberatrisk ¢ Numberatrisk _ Numberatrisk
E-J k-4
@ == |154 52 17 6 2 1 1 1 g - 73 30 9 4 1 1 1 1 @ - | 70 19 7 1 1
)‘l(" -4 18 8 4 1 1 0 0 g~ 26 13 6 4 1 1 0 0 g - 26 8 3 1 0
w 0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 2000 3600 w 0 500 1000 1500 2000
Time (days) Time (days) Time (days)
ESCA EAC ESCC
1.00 Expression 1.00 Expression . Expression
- GEPD=High - GBPD= High - G8PD= High
- GepD=Low - GoPD=Low “ GoPD=Low,
Lo 207 207
H 3 3
2 H 2
Bos0 Bos0 8050
H s 3
: :
H s
025 @025 P 025 W
™ 000 000
T T T T R R T § 50 00 1800 2000 2500 3000 300 ) 0 a0 1200 1600 2600
Time (days) Time (days) Time (days)
Number at risk < Number atrisk < Number atrisk
§ s s
G=[140 48 18 7 2 1 1 1 g=|s8 27 12 & 1 1 1 1 =2 6 1 1 0 0
E—|855 22 7 3 1 1 0 0 E=|a1 16 3 2 1 1 [ 5= |76 37 11 5 1 1
d T T T T R TR i T 50 100 1800 2000 2500 3000 300 a ) %0 %0 200 1600 2000
Time (days) Time (days) Time (days)
ESCA EAC EScCC
1.00 Expression 100 Expression 100 Expression
= PGK1=High - PGK1= High = PGK1=High
- PGK1=Low = PGK1=Low - PGK1=Low
207 207 207
F K K
g g g
8 g g
L So0s0 = Sos0
5 3 3
g 2 2
s H H 5 i
@025 ; @025 H @025 i
p =0.00025 p=000021 p=0.046
0.00; 0.00 B 0.00 ¢
G S0 100 150 2000 250 3000 3500 § S0 000 1800 200 2500 3000 3800 ) 50 1600 1500 2600
Time (days) Time (day) Time (day)
. Number atrisk . Numberatrisk . Number atrisk
E S S
g=|8 21 5 o o 0o o0 o0 g=[3a 11 2 o o 0 0o o g =42 8 1 0 0
S—[112 49 20 10 3 2 1 1 E—|65 32 13 8 2 2 1 1 =[5 19 9 2 1
4 G S0 100 150 2000 250 3000 3500 i T 50 100 1800 200 2500 2000 3800 a ] 50 1000 1500 2000
Time (days) Time (days) Time (days)
127 & 125 -
. 12 - . w 1
:
g g 8! g
10+ i
< < g K
H Eu, i H
£ g
£ £ £ = !
S 5 5 S 75
H H 2 g
I 5 5 s
5 L 3 3
g g £ t
£ £ 5 g 50
o8 o w w
z * z 2 2 .
Bl B 8, 8
25
nmee2 n=tor neow = 0-s -ee2 a-tor neee2 n=e -z
Normal Tumor Normal EAC EsCC Normal Tumor Normal EAC EsCC
12
——
o -
= i -
g i §wi
H H .
£ 3
g S
g g
= il
s H
£ i £
g H & 1 .
c 6 i < H .
< H %6 i
2 2 ¢
B i e L o e
Normal Tumor Normal EAc Escc

Fig. 2. Kaplan-Meier survival analysis and mRNA expression of candidate genes. Kaplan-Meier survival analysis showing the
correlation between TXN (A), G6PD (B), and PGKI (C) mRNA expression and OS of ESCA, EAC, and ESCC patients in TCGA
cohort. The mRNA expression levels of TXN (D), G6PD (E), and PGKI (F) in normal esophageal tissues, as well as in ESCA tissues,
EAC tissues, and ESCC tissues. EAC, esophageal adenocarcinoma; ESCA, esophageal carcinoma; ESCC, esophageal squamous cell
carcinoma. **p < 0.01; ***p < 0.001.

6 @8 IMR Press


https://www.imrpress.com

N ECA-109 KYSE-150
SN
Sl : -
K &KL & X-rays C-ions X-rays C-ions
ORI A B o N
PGK1 E RONCOIRCOING ROIRCIROING ROINCIINCICH ROIROINCINC
a-tubulin E‘ PGK1 |----| |‘-"—| PGK1 | - - | |—-—--— |
0 s a-tubulin | -— e e | | - a» a» & | a-tubulin | - e e > | | - ad an |
- 3 H
ol LS Sus fus Sos $os
& 45""\ «"""\ Enn gw :; k]
€ Gy 26y 4oy ecy 06y 16y 26y 4oy 0 06y 16y 20y 4oy Gy 16y 26y 46y
D
X-rays_2Gy X-rays_4Gy X-rays_6Gy
RBE: 2.05
c
k)
3 3
. £
< g .
o S
i s
3
7]
0.001 : T i T : T 1
0 2 4 6 8
Radiation dose (Gy)
C-ions_1Gy C-ions_2Gy C-ions_4Gy
E G G G
X-rays_2Gy X-rays_4Gy X-rays_6Gy
i . RBE: 2.14
14
0.5
§ o1 @ X-rays
o s & C-ions
o w
4 E
< ; 0.01
g 7]
0Gy
0.001
0
. . . Radiation dose (Gy)
C-ions_1Gy C-ions_2Gy C-ions_4Gy
F G
ECA-109 KYSE-150 ECA-109 KYSE-150
) D K £
> 42 ) & \J 2V > & S A (NNLN
N > Q ‘4 PN o o
&y & &8 &N & & & &
PGK1|-—--————| |- -—--l PGK1 El PGK1E|
a-tubulin I-—--—l | - e qun e o | a-tubulin E’ a-tubulin E
g 1.5- g 15 5 25 £ 25
] 3 ‘ 8
8 H ns 8 20 whk ] .
E10 " g0 i g B
£ ** £ s 45
£ ] P s 5
sos P S os 210 ‘gm
i % ol % 0.5- .;_ 0.5-
2 oo oo S0 =
«\":& Sg\, ,,\&9 & *"5« .}W.g, é\»;» \,@,"? & @0‘} e Vector PGK1 o Vector  PGK1
B

Fig. 3. Analysis of PGK1 protein expression across various cell lines and the impact of varying doses of X-rays or C-ions on clonal
survival and PGKI1 protein expression in ESCC cells. Protein levels of PGK1 were analyzed in HEEC, ECA-109, and KYSE-150 cell
lines (A). PGK1 protein levels were assessed in ESCC cells after different doses of X-rays (B) and C-ions (C). Cloning images and cell
survival curves of ECA-109 (D) and KYSE-150 (E) cells after exposure to X-rays and C-ions. Western blot evaluated the efficiency of
PGK1 knockdown (F) and PGK1 overexpression (G) in ESCC cells. C-ions, Carbon ions; RBE, relative biological effectiveness. *p <
0.05; **p < 0.01; ***p < 0.001; and ns, not significant.
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Fig. 4. PGK1 impacts the regulation of IR concerning the ESCC cells proliferation. Plate colony formation assays were conducted to
assess clone formation following PGK1 knockdown (A,C) and overexpression (B,D) after IR exposure. Cell viability of ESCC cells with
PGKI1 knockdown (E) or overexpression (F) was assessed using the CCKS assay at 24, 48, and 72 h post-IR. An EdU incorporation assay
was conducted 48 h post-IR to assess the DNA replication of ECA109 and KYSE150 cells with PGK1 knockdown or overexpression
(G,H). CCKS, cell counting kit 8; IR, ionizing radiation; NC, negative control. *p < 0.05; **p < 0.01; ***p < 0.001. Scale bar, 100

pm.

3.4 PGK1 Impacts the Regulation of IR Concerning the 0.05) (Fig. 6A,B). Overexpression of PGK1 significantly
Cell Cycle of ESCC Cells elevated the percentage of cells in the G2/M phase while
reducing those in the GO/G1 phase (p < 0.05) (Fig. 6C,D).

The results showed that regardless of whether IR ex- 1 the ECA-109 cell line, both with and without IR, PGK 1

posure, PGK1 deficiency elevated the proportion of cells in - ypockdown markedly reduced the S-phase cell proportion
the GO/G1 phase and reduced those in the G2/M phase (p <
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knockdown (A) or overexpression (B) after 48 h exposure to IR. *p < 0.05; **p < 0.01; ***p < 0.001.

(p < 0.05), whereas PGK1 overexpression enhanced it.
In KYSE-150 cells, PGK1 knockdown alone diminished
S-phase cells, while overexpression notably increased S-
phase cell proportion (p < 0.01). When exposed to X-rays,
both PGK1 knockdown and overexpression resulted in de-
creased S-phase proportions in KYSE-150 cells (»p < 0.01).
Under C-ions, PGK1 expression status did not significantly
influence S-phase distribution (Fig. 6B,D).

3.5 PGK1 Deficiency-Initiated ROS Accumulation and
Induced Mitochondrial Dysfunction

IR can cause damage to cells by inducing a substantial
increase in ROS levels [12]. Mitochondria serve as the pri-
mary source of ROS in mammalian cells. Excessive ROS
can lead to mitochondrial dysfunction, which subsequently
decreases the MMP and promotes further ROS generation,
thereby establishing a detrimental feedback loop that ex-
acerbates cellular damage [13]. We investigated ROS and
MMP levels to assess if PGK1 modulates the radiosensi-
tivity of ESCC cells by affecting mitochondrial dysfunc-
tion through ROS. The examination of the flow cytometry
data indicated that both IR and PGK1 deficiency elevated
the fluorescence intensity of DCF staining, with the effect
being more significant in the combined group (p < 0.05)
(Fig. 7A,B). Similarly, both IR and PGK1 deficiency re-
duced MMP of ESCC cells, and the combined group had
a more significant effect (p < 0.05) (Fig. 7C,D). Following
the use of NAC, an ROS scavenger, the damage to the MMP
caused by PGK1 deficiency and IR was restored (Fig. 7E).
CCCP, as an uncoupling agent of mitochondrial proton car-
riers, can destroy the mitochondrial membrane and causing
mitochondrial dysfunction. Our findings indicate that over-
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expressing PGK 1 mitigated apoptosis induction (p < 0.05)
(Fig. 7F) and inhibited proliferation (p < 0.05) (Fig. 7G,H)
induced by CCCP. Consequently, PGK1 deficiency and IR
have synergistic effects on intracellular ROS accumulation
and exacerbate mitochondrial damage.

3.6 PGK1 Deficiency Enhances the Radiosensitivity of
ESCC Cells via ROS Accumulation

To investigate whether PGK 1 modulates the radiosen-
sitivity through ROS, we used ROS scavengers. EdU
(Fig. 8A,B) and CCKS (Fig. 8D) assays showed that NAC
partially rescued the impact of PGK1 deficiency and IR on
ECA-109 cell proliferation. Similarly, NAC alleviated the
apoptosis in ECA-109 cells caused by PGK1 knockdown
and IR exposure (Fig. 8C). NAC also had a similar effect
on the KYSE-150 cells (Supplementary Fig. 3).

3.7 PGK1 Regulates the Akt/mTOR Pathway in ESCC
Cells

Inhibition of the Akt/mTOR pathway can effectively
augment radiosensitivity [14]. Next, we explored whether
PGKI affects radiosensitivity through the Akt/mTOR path-
way. Changes in pathway proteins were detected by West-
ern blotting. Knockdown of PGK 1 dramatically curbed the
phosphorylation of Akt and mTOR, and intensified the in-
hibition of this pathway by IR (p < 0.05) (Fig. 8E). PGK1
overexpression alleviated the inhibitory effects of IR on the
Akt/mTOR pathway (p < 0.05) (Fig. 8F). Such findings im-
ply that PGK1 may regulate the radiosensitivity of ESCC
cells via the Akt/mTOR pathway.
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Fig. 6. PGK1 impacts the regulation of IR concerning the cell cycle of ESCC cells. Frequency histograms and statistical analysis
charts illustrate the impact of downregulating (A,B) or overexpressing PGK1 (C,D) on cell cycle after 48 h exposure to IR. *p < 0.05;
**p < 0.01; ***p < 0.001; and ns, not significant.
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Fig. 7. PGK1 deficiency-initiated ROS accumulation and induced mitochondrial dysfunction. Figures display cytograms and
statistical charts illustrating ROS levels in ESCC cells with PGK1 knockdown after 12 h exposure to IR (A,B). Figures display cytograms
and statistical analyses of MMP levels of ESCC cells with PGK1 knockdown after 24 h exposure to IR (C,D). The changes in MMP of
ESCC cells following PGK1 knockdown or exposure to IR after NAC treatment (E). Apoptotic levels (F) and cloning capacity (G,H) in
ESCC cells with PGK1 overexpressed after CCCP treatment. ROS, reactive oxygen species; MMP, mitochondrial membrane potential;
NAC, N-acetyl-L-cysteine; CCCP, carbonyl cyanide m-chlorophenylhydrazone. *p < 0.05; **p < 0.01; ***p < 0.001; and ns, not
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Fig. 8. Following NAC treatment, ECA-109 cell proliferation and apoptosis were assessed with PGK1 knockdown or IR exposure.
And the impact of PGK1 on the Akt/mTOR pathway. The DNA replication activity of ECA-109 cells with PGK1 knockdown or IR was
detected by EdU incorporation assay following the use of NAC (A,B). The viability of ECA-109 cells with PGK1 knockdown or exposed
to IR was determined by CCK8 assay after NAC treatment (D). Apoptosis levels of ECA-109 cells were assessed after PGK 1 knockdown
or IR with NAC treatment (C). Protein expression levels of Akt, pAkt, mnTOR, and pmTOR were analyzed in ECA-109 cells subjected to
PGK1 knockdown and IR (E). Protein expression levels of Akt, pAkt, mTOR, and pmTOR were analyzed in ECA-109 cells with PGK1
overexpression and IR (F). *p < 0.05; **p < 0.01; ***p < 0.001; and ns, not significant. Scale bar, 100 um. Akt/mTOR, protein kinase

B/mammalian target of rapamycin.
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4. Discussion

Radiotherapy, a critical approach in oncological treat-
ment, while demonstrating significant effectiveness, fre-
quently encounters the challenge of radioresistance. This
phenomenon is linked to a higher risk of regional recurrence
and distant metastasis after radiation exposure in neoplas-
tic cells, representing a substantial hurdle in the realm of
radiotherapy that necessitates urgent resolution [15]. Re-
cent investigations have suggested that PGK1 is crucial in
the radiosensitivity regulatory network of tumors, and its
inhibition can enhance the radiosensitivity of glioma and
colorectal cancer cells [16,17]. Nevertheless, the intricate
relationship between PGK1 and ionizing radiation, partic-
ularly the specific mechanisms by which it influences ra-
diosensitivity in cancer cells, remains largely unexplored.
This research concentrates on ESCC, with the objective of
examining the regulatory function of PGK1 in the radiosen-
sitivity of ESCC cells and elucidating its underlying mech-
anisms.

In comparison to traditional X-ray radiation, CIRT has
gained considerable recognition in the field of oncology
due to its dual benefits of precise physical dose distribution
and distinct biological characteristics [18,19]. A wealth of
clinical evidence indicates that CIRT can significantly im-
prove local tumor control and patient survival rates while si-
multaneously minimizing treatment-related adverse effects
and complications [20]. Particularly in the management of
radiation-resistant and recurrent tumors, CIRT has demon-
strated unique therapeutic benefits, providing renewed hope
for these challenging cases [21-23]. Various radiation types
and doses may induce differences in gene expression, re-
flecting the functional regulatory mechanisms present in di-
verse radiation contexts [24]. In this investigation, mass
spectrometry analysis revealed notable differences in PGK 1
expression in ESCC cells following exposure to X-rays and
C-ions. To precisely evaluate this difference and assess the
practical comparative significance of biological effects, we
calculated the relative RBE values of C-ions for two ESCC
cell lines. Additionally, we analyzed PGK1 protein expres-
sion in ESCC cells following X-ray and carbon ion radia-
tion at varying doses. Our results indicated that, at equiva-
lent RBE doses, the patterns of PGK1 protein expression
influenced by X-rays and C-ions were analogous: under
low-dose radiation, PGK1 protein expression was upreg-
ulated, which may suggest a cellular protective response
against radiation-induced damage, consequently promoting
tumor cell survival and reducing the effectiveness of radio-
therapy; In contrast, at high-dose radiation, PGK1 protein
expression was downregulated, likely due to radiation di-
rectly activating apoptotic and necrotic pathways instead
of stimulating protective mechanisms. Furthermore, un-
der low-dose radiation, the upregulation of PGK 1 by C-ions
was less pronounced than that induced by X-rays, possibly
due to the more significant direct damage caused by C-ions,
which restricts the activation of radiation resistance path-
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ways. This further highlights the intricate nature of tumor
cell responses to various radiation modalities.

PGKI1 drives proliferation, angiogenesis, migration,
invasion and epithelial-mesenchymal transition (EMT) of
cancer cells by regulating a variety of biological processes
[8,25]. An in-depth multi-omics study of ESCC patients
identified PGK1 as a potential therapeutic target in ESCC
progression [26]. Xu et al. [27] illustrated that NRSN2-
AS1, a long non-coding RNA, can interact with PGK1
to enhance its protein expression, which in turn promotes
ESCC cell proliferation, migration, invasion, and EMT.
Our research examined the function of PGK1 in ESCC cells
through both knockdown and overexpression experiments,
revealing that PGK1 facilitates the proliferation of ESCC
cells while inhibiting apoptosis. Conversely, the suppres-
sion of PGK1 yielded opposing effects. These findings
suggest that PGK1 exerts a tumor-promoting influence in
ESCC cells.

To clarify PGK1’s role in ESCC cell radiation re-
sponse, we exposed ESCC cells with PGK 1 knockdown or
overexpression to X-ray and C-ion irradiation. The find-
ings revealed that overexpressing PGK1 attenuated the in-
hibitory effect of IR on cell proliferation and the promo-
tive effect on apoptosis, while knockdown of PGK1 en-
hanced these effects. This indicates a notable association
between PGK1 and the radiosensitivity of cancer cells. This
is consistent with previous research findings. Targeted si-
lencing of PGK1 via shRNA technology has been shown
to markedly increase the radiosensitivity of glioblastoma
[28,29]. These observations indicate that PGK1 is crucial in
developing radioresistance in tumor cells and is a potential
target for altering cancer cell radiosensitivity.

Next, we probed into the possible mechanisms
through which PGK1 affects the efficacy of IR. While in-
ducing DNA damage to kill tumor cells, IR also activates
the DNA damage repair network to promote DNA repair
[30,31]. A key manifestation of this response is the induc-
tion of G2/M phase arrest, which provides sufficient time
for the repair of DNA lesion [30]. A previous study has in-
dicated that a PGK1 inhibitor (Z57346765) can impair the
DNA damage repair capacity, resulting in cell cycle arrest
in the G1/S phase and consequently inhibiting the growth
of clear cell renal carcinoma cells [32]. The results of our
study corroborate their findings. This significant discovery
implies that PGK1 might be involved in IR-induced DNA
damage repair through its participation in cell cycle regula-
tion.

The augmented ability to scavenge ROS constitutes
one of the several factors contributing to the emergence
of radioresistance in ESCC [33]. ROS are pivotal in con-
trolling cellular processes such as migration, differentia-
tion, proliferation, and apoptosis. Specifically, an over-
abundance of ROS can inflict cellular damage and trigger
apoptosis, while a moderate increase in ROS may facilitate
malignant transformation and tumor progression [34]. Can-
cer cells meticulously modulate intracellular ROS through
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diverse mechanisms to avert death induced by excessive
ROS accumulation. Mitochondria serve as both the prin-
cipal source of ROS generation and the primary target of
ROS-induced damage, which can ultimately culminate in
cell death [34]. IR kills cancer cells by increasing intracel-
lular ROS in a dose-dependent manner [12]. PGKI1 phos-
phorylates pyruvate dehydrogenase kinase 1 (PDHK1), en-
hancing glycolytic flux by preventing pyruvate from en-
tering the tricarboxylic acid cycle. This cascade of events
suppresses mitochondrial respiration, diminishes ROS pro-
duction, and consequently fosters the proliferation and ad-
vancement of tumor cells while effectively preventing cell
death due to excessive ROS [35]. Targeted therapies aimed
at inhibiting PGK1 can elevate ROS levels via this pathway,
thereby not only curtailing the proliferation and EMT of
glioma cells but also promoting glioma cell apoptosis [36].
Accordingly, we speculate that the inhibition of PGK1 may
enhance radiosensitivity through an increase in ROS. To test
this hypothesis, we utilized flow cytometry to measure the
fluorescence intensity of DCF as an indicator for ROS lev-
els. The results demonstrated that the inhibition of PGK1
increased ROS production and exacerbated the reduction of
MMP in ESCC cells exposed to IR. The application of NAC
to scavenge ROS resulted in a partial restoration of MMP
damage compromised by PGK1 downregulation, as well as
amitigation of IR-induced MMP damage. Additionally, the
overexpression of PGK1 diminished apoptosis induced by
CCCP and lessened CCCP’s inhibitory impact on cell pro-
liferation. In summary, the findings strongly suggest that
PGKI1 influences the radiosensitivity of ESCC cells by reg-
ulating mitochondrial ROS production.

PGK1-mediated carcinogenesis is also associated with
the AKT/mTOR signaling pathway. Studies established
that PGK1-driven activation of the AKT/mTOR pathway
enhances tumor growth, metastasis, and EMT, as well as
contributing to cancer recurrence [37,38]. Suppression of
the PI3K/Akt/mTOR pathway has been shown to augment
radiosensitivity [14]. Throughout the evolution and ad-
vancement of cancer cells, ROS interact with Akt to modu-
late their malignant characteristics. Akt activation can stim-
ulate ROS production, whereas elevated ROS levels can
lead to Akt protein inactivation, ultimately triggering can-
cer cell apoptosis [39]. This study indicated that PGK1 de-
ficiency inhibits the Akt and mTOR phosphorylation, indi-
cating PGK1’s potential role in modulating cancer cell ra-
diosensitivity via this pathway.

It is noteworthy that, despite using the RBE dose for
comparison in this study, it was observed that 2 Gy of C-
ions demonstrated a more potent cytotoxic effect compared
to 4 Gy of X-rays. This may be related to the quantity
and distribution of ROS induced by C-ions. Research indi-
cates that C-ions are capable of producing a greater amount
of ROS, resulting in more extensive mitochondrial impair-
ment [18]. In addition, the radicals induced by C-ions are
clustered and concentrated in the trajectories of the parti-
cles, while the ROS induced by X-rays show a diffuse dis-
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tribution. Such clustered radicals induced by C-ions cause
more severe and complex damage to cells, while the ex-
tremely low production of radicals outside the tracks cannot
trigger the cellular defense mechanism [40].

Of course, there are some limitations to this study.
First, our experiment lacks in vivo validation. Secondly,
further investigation is required to elucidate the detailed
molecular process mediating the engagement of PGK1 with
the Akt/mTOR signaling pathway. In addition, the ra-
diosensitization effect of PGK1 inhibitors and their poten-
tial application in clinical radiotherapy need to be further
evaluated. Nevertheless, this study reveals a novel func-
tion of PGK1 in modulating the radiosensitivity of ESCC,
providing an important basis for its clinical translational po-
tential as a radiotherapy sensitization target.

5. Conclusions

PGK1 is overexpressed in ESCC cells, promoting can-
cer cell survival, proliferation, and radioresistance by de-
creasing intracellular ROS and activating the Akt/mTOR
signaling pathway. This research offers novel insights
into the mechanisms that affect ESCC radiosensitivity and
underscores PGK1’s potential as a therapeutic target for
ESCC.
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