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Abstract: Irradiation-resistance presents a substantial challenge in the successful application of radiotherapy for
non-small-cell lung cancer (NSCLC). However, the specific molecular mechanisms responsible for irradiation-resis-
tance have yet to be completely understood. In this research, the DNA methylation and gene expression patterns re-
sulting from irradiation treatment were produced using the DNA methylation BeadChip and RNA-Seq. An integrated
analysis was carried out to identify the genes that are differentially expressed and regulated by DNA methylation. As
results, the upregulation of gene expression and downregulation of DNA methylation of hexokinase 1 (HK1), a pro-
tein associated with glycolysis, were observed in irradiation-resistant NSCLC cells. Additionally, treatment with the
DNA demethylating agent 5-aza-2’-deoxycytidine (5-Aza-dC) resulted in increased expression of HK1. Furthermore,
it was found that overexpression of HK1 could enhance irradiation-resistance by impacting glycolysis. Collectively,
our study indicate that irradiation-induced alterations in DNA methylation lead to the upregulation of HK1, which in
turn promotes glycolysis and contributes to radiotherapy resistance in NSCLC. Therefore, targeting HK1 presents a
potential novel strategy for addressing the issue of radiotherapy failure in NSCLC.
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Introduction apy being applicable to all stages of NSCLC, and
more than half of NSCLC patients receiving at
least one course of radiotherapy as part of their
treatment and palliative care [6]. Despite the
significant role of radiotherapy in NSCLC treat-
ment, patients often experience resistance to

irradiation, leading to treatment failure leading

Lung cancer is a prevalent form of malignant
tumor with high rates of morbidity and mortali-
ty, posing a significant threat to human health
[1, 2]. Non-small cell lung cancer (NSCLC) is the
most common type, comprising approximately

85% of all lung cancer cases, and is character-
ized by rapid progression and poor prognosis,
with a 5-year survival rate of less than 20% [3,
4]. Current treatment modalities for NSCLC
include surgery, drug therapy (such as chemo-
therapy, targeted therapy, and immunothera-
py), and radiotherapy [5]. The selection of treat-
ment for NSCLC depends on the disease stage
and the patient’s overall health, with radiother-

to treatment failure and the potential for cancer
recurrence and mortality [7]. Radiation resis-
tance in cancer can manifest through various
mechanisms, influenced by the heterogeneity
of tumor cells, the surrounding microenviron-
ment, and numerous genetic alterations [8].
Prior research has identified several factors
closely associated with cancer radiation re-
sistance, including aberrant DNA damage
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response, evasion of apoptosis, redistribution
of the cell cycle, hypoxic tumor microenviron-
ments, autophagy, metabolic reprogramming,
iron deficiency anemia, gene mutations, and
dysregulation of signaling pathways [9]. Thus,
the development of radiation resistance is
multifactorial and can arise through distinct
regulatory pathways across different cell types
[10]. Consequently, irradiation-resistance rep-
resents a major challenge in the radiotherapy
of NSCLC, necessitating a comprehensive
investigation of the molecular mechanisms
underlying irradiation-resistance to enhance
the sensitivity of radiotherapy and improve the
survival prognosis of NSCLC.

Radiotherapy primarily exerts its anti-cancer
effect by interacting with tumor cells through
the direct or indirect damage of DNA, leading to
cell death [11]. Throughout the course of radio-
therapy treatment, the repair of DNA triggered
by irradiation-induced damage has the poten-
tial to impact the local chromatin environment
and epigenetic state, including alterations in
DNA methylation [12, 13]. DNA methylation, a
common covalent modification of cytosines in
CpG dinucleotides that can regulate chromatin
structure and activity, has been linked to radio-
therapy resistance in recent research [14, 15].
Previous studies have shown that DNA methyla-
tion may not only restrict irradiation-induced
DNA damage by creating a protective environ-
ment in heterochromatin, but also regulate
gene expression programs that could contrib-
ute to the development of irradiation-resistant
phenotypes [16-18]. Despite the significance of
irradiation-induced DNA methylation changes
in radiotherapy resistance, the underlying
molecular mechanism remains incompletely
understood.

In this current investigation, a comprehensive
examination of DNA methylation and gene
expression patterns in irradiation-resistant
NSCLC cells was conducted to pinpoint genes
that are differentially expressed due to irradia-
tion-induced DNA methylation changes. The
study revealed that the upregulation of hexoki-
nase 1 (HK1) was linked to the downregulation
of DNA methylation induced by irradiation,
leading to increased resistance of NSCLC
cells to irradiation. Furthermore, HK1 was
found to influence the biological characteristics
of NSCLC cells by modulating glycolysis, which
is associated with irradiation-resistance.
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Materials and methods
Cell culture and transfection assay

The human non-small cell lung cancer cell lines
H1299 and H1975 were obtained from a com-
mercial source (ATCC cell lines) and maintained
in RPMI 1640 medium (Gibco) supplemented
with 10% fetal bovine serum (Gibco) at 37°C in
a humidified atmosphere with 5% CO,.
Irradiation of H1299 cells was performed using
a 2 Gy irradiation dose delivered by a linear
accelerator (Primart 6 MV; Siemens).

To modulate the expression levels of target
genes, the pCDNA3.1 plasmids were intro-
duced into cells using Lipofectamine Trans-
fection Reagent (Invitrogen) to upregulate ex-
pression, while shRNAs lentiviral vectors were
employed to downregulate expression. Cell
samples were collected for analysis 48 hours
post-transfection.

Cell cytotoxicity assay

The CCK8 Kit (Beyotime) was employed to
assess the cytotoxic effects of irradiation on
cells. Specifically, 1x10° cells were seeded in
the wells of a 6-well plate, and subjected to
varying doses (0, 2, 4, 6, 8, 10, 12 Gy) of irra-
diation using a linear accelerator (Primart 6
MV; Siemens). Subsequently, the cells were
harvested for analysis of cell survival utilizing
the CCK8 Kit. The extent of cytotoxicity induced
by irradiation was quantified and expressed as
the ED,, (Gy). The median effective dose (ED,,)
was calculated as follows: The exponential form
of the equation was used and a curve fitted to
the data points [fraction affected (Fa) and irra-
diation dose]: Fa = 1/[1 + (ED,/irradiation
dose)m], m = slope of the curve, Fa = % reduc-
tion from untreated control x 0.01.

DNA methylation assay

In accordance with the guidelines provided by
the manufacturer, the complete DNA content in
cells and tissue specimens was isolated using
the Genomic DNA Purification Kit (Promega),
and subsequently subjected to bisulfite modifi-
cation utilizing the EpiTect Bisulfite kit (Qiagen).
Subsequent to these procedures, a compre-
hensive analysis of methylation patterns across
the genome was conducted using the Illumina
Methylation EPIC BeadChip. The methylation
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score of each CpG is represented as a 3-value
(B-value = Max (Signal B, 0)/(Max (Signal A, 0) +
Max (Signal B, O) + 100)). The original DNA
methylation results have been deposited in
figshare (https://doi.org/10.6084/m9.figshare.
26894551).

RNA-seq assay

Cellular RNA was extracted using a Total RNA
Purification kit (Qiagen), and its concentration
and quality were assessed using the Qubit
2.0 Fluorometer (Life Technologies) and the
Nanodrop One spectrophotometer. The integri-
ty of the total RNA was evaluated using the
Agilent 2100 Bioanalyzer, and only samples
with RNA integrity number (RIN) values exceed-
ing 7.0 were utilized for sequencing. Subse-
quently, 1 pg of RNA was employed for the RNA
sample preparations. Strand-specific RNA-seq
libraries were prepared using the VAHTS Total
RNA-seq (H/M/R) Library Prep Kit (Vazyme)
as per the manufacturer’s instructions. This
involved RNA purification, fragmentation, first
and second strand cDNA synthesis, end repair,
adapter ligation, PCR enrichment, and library
quantification and validation. The libraries were
then sequenced on the lllumina NovaSeq 6000
platform, and the resulting reads were mapped
to the human GRCh38 genome. Gene abun-
dance was quantified as fragments per kilo-
base of exon per million reads mapped (FPKM)
using Stringtie software, and the TMM algo-
rithm was applied for normalization. Differential
expression analysis of mRNA was conducted
using the R package EdgeR. The original
sequencing results have been deposited in the
Sequence Read Archive (SRA, https://www.
ncbi.nim.nih.gov/sra) PRJINA1071302.

Methylation-specific PCR assay

Methylation-specific PCR (MSP) and unmethyl-
ation-specific PCR (UMSP) was used to specifi-
cally amplify either the methylated or unmethyl-
ated HK1 promoter after bisulfite conversion. A
methylation index (MI) was calculated as fol-
lows: MI = [(methylated peak intensity)/(methyl-
ated peak intensity + unmethylated peak
intensity)].

The primers of MSP and UMSP were designed
by MethPrimer [19], and the primer sequences
for MSP and USP were as follows: MSP primer:
Forward 5-TAATTACGAATTATTGTAATTTTGA-3’;
Reverse 5-AAAAATCAACTAACATAATAACATA-3'.
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UMSP primer: Forward 5-TAATTATGAATTATTG-
TAATTTTGA-3’; Reverse 5-AAAAATCAACTAACA-
TAATAACATA-3'.

5-aza-2’-deoxycytidine (5-Aza-dC) treatment
assay

The DNA methyltransferase inhibitor 5-aza-
2’-deoxycytidine (5-Aza-dC) (Sigma) was em-
ployed to inhibit DNA methylation. Cells were
exposed to 10 uM of 5-Aza-dC for a duration of
72 hours. The drug and culture medium were
replenished daily throughout the treatment
period.

RT-PCR assay

The RT-PCR assay was performed to analyze
the mRNA and IncRNA levels of target genes.
Briefly, total RNA in cells and tissue samples
was extracted by TRIzol™ (Invitrogen), and 1 pg
RNA was used for cDNA reverse transcription
by the Reverse Transcription Kit (Takara). The
RT-PCR was performed with the SYBR Green
Realtime PCR Master Mix Kit (Toyobo) using the
ABI ViiATM7Dx Real-Time PCR System (Life
Technologies). The RT-PCR primers were as fol-
lows: HK1, forward 5-CGCAGCTCCTGGCCTAT-
TA-3’ and reverse 5-CTTCCACTCCGCTCGCTTT-
A-3’; GAPDH, forward 5-TGACTTCAACAGCGAC-
ACCCA-3’ and reverse 5-CACCCTGTTGCTGTAG-
CCAAA-3..

Western blotting assay

The western blotting technique was utilized to
assess the protein expression levels of specific
genes. Initially, cellular total proteins were
extracted using RIPA buffer at 4°C for 0.5
hours, and 50 mg of these proteins were load-
ed onto a 15% SDS-PAGE for subsequent analy-
sis. Subsequently, rabbit polyclonal primary
antibodies (Invitrogen, diluted at 1:1000) tar-
geting HK1 and GAPDH (serving as an internal
reference) were applied and left to incubate
overnight at 4°C. Following this, HRP (horserad-
ish peroxidase) conjugate goat-anti-rabbit sec-
ondary antibody (Invitrogen, diluted at 1:1000)
was employed and incubated for 4 hours. The
bound antibodies were then detected using the
ECL Plus Western Blotting Detection system
(GE Healthcare).

Colony formation assay

Cells were exposed to different dose of irradia-
tion (0, 2 Gy) using a linear accelerator (Primart
6 MV; Siemens). Subsequently, the colony for-
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mation assay was conducted to assess the
impact of the irradiation. Cells were harvested
using trypsin and seeded into six-well plates at
a density of 1000 cells per well. The cells were
then cultured in medium at 37°C with regular
medium changes every 3 days. After a 10-day
incubation period, the colonies were fixed with
4% formaldehyde for 15 minutes and then
stained with crystal violet solution (Beyotime)
for 20 minutes. Following washing and photo-
graphic documentation, the visible colonies
were quantified using ImagelJ software.

Cell apoptosis assay

The Annexin V-FITC Apoptosis Detection Kit
(Beyotime) was employed to assess cell apop-
tosis. In summary, 1x10° cells were seeded in
each well of a 6-well plate, and following a
48-hour incubation period, the cells were har-
vested for analysis of apoptosis, which was
quantified using flow cytometry.

Cell migration assay

Cell migration was assessed utilizing Transwell
chamber culture systems (Becton). After an
incubation period of 48 hours, the cells were
introduced into the upper Transwell chamber
at a density of 1x105 cells per well in a 24-
well Transwell insert. Following an additional
24-hour incubation, non-migrated cells adher-
ing to the upper surface of the chamber were
removed with cotton swabs. Subsequently, the
cells that had migrated to the lower surface of
the filters were fixed and stained with Giemsa
stain at room temperature for 30 minutes. The
quantification of migrated cells was performed
using a light microscope (Leica).

Glucose uptake and lactic acid production as-
say

Glucose uptake was evaluated utilizing a
Glucose Uptake-Glo Assay kit (Promega), while
lactic acid levels were quantified using a
Lactate-Glo Assay kit (Promega) in accordance
with the manufacturer’s instructions. Cell cul-
tures were cultivated until they achieved 70%
confluence, at which juncture the growth medi-
um was replaced with fresh medium. Sub-
sequently, after a 24-hour incubation period,
the cells were collected for the assessment of
glucose uptake and lactic acid production. The
acquired data was standardized based on the
total cell count.
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Statistical analyses

The presented values represent the average +
standard deviation (SD) derived from a mini-
mum of three independent experiments.
Statistical analyses were performed using
SPSS v.21.0 (IBM, USA). A significance level of
P < 0.05 (two-tailed) was considered as statisti-
cally significant.

Results

Analysis of irradiation-induced DNA methyla-
tion changes in NSCLC cells

To evaluate the impact of radiation on cellular
states, H1299 cells were subjected to 2 Gy of
irradiation five times (total of 10 Gy, referred
to as H1299-10 cells) and ten times (total of
20 Gy, referred to as H1299-20 cells) (Figure
1A). The irradiation response parameters for
H1299, H1299-10, and H1299-20 cells were
determined and expressed as ED_, (median
effective dose) (Figure 1A). The ED, values for
H1299, H1299-10, and H1299-20 cells were
2.12 + 0.13 Gy, 4.29 + 0.27 Gy, and 6.78 +
0.41 Gy, respectively, indicating the develop-
ment of an irradiation-resistant phenotype and
an increase in the degree of irradiation-resis-
tance in H1299-10 and H1299-20 cells.

We utilized a DNA methylation microarray to
identify changes in DNA methylation induced by
irradiation in H1299, H1299-10, and H1299-
20 cells. To examine the DNA methylation
profiles associated with increasing degree of
irradiation-resistance, we established criteria
for selecting differentially methylated probes
(DMPs) based on an absolute difference of
B-value (|AB]) = 0.1 between H1299 and
H1299-10 cells, and between H1299-10 and
H1299-20 cells (Table S1). Among the 5735
DMPs induced by irradiation, 3391 DMPs
exhibited a continuous increase in DNA meth-
ylation levels as the degree of irradiation-resis-
tance increased, while 2344 DMPs showed a
continuous decrease in DNA methylation levels
with increasing irradiation-resistance (Figure
1B). The neighborhood locations of the 5735
DMPs is depicted in Figure 1C, with 6.1% of the
DMPs located in CpG islands, 14.96% in shores
(0-2 kb from the CpG islands), and 5.68% in
shelves (2-4 kb from the CpG islands).
Furthermore, a total of 2259 differentially
methylated genes (DMGs) targeted by the 5735
DMPs were identified (Figure 1D), and the
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Figure 1. Effects of irradiation on DNA methylation in NSCLC cells. A. Cell viability of H1299, H1299-10, and H1299-
20 cells after different doses of irradiation treatment. B. Heatmap showing the differentially methylated probes
(DMPs) among H1299, H1299-10, and H1299-20 cells. C. Neighborhood location of DMPs. D. Heatmap showing
the 100 of 2259 differentially methylated genes (DMGs). E. Functional genomic distribution of DMPs.
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Figure 2. Effects of irradiation on gene expression in NSCLC cells. A. Heatmap showing the overview of differentially
expressed genes (DEGs) among H1299, H1299-10, and H1299-20 cells. B. Significantly enriched GO terms in
DEGs. C. Significantly enriched KEGG pathways in DEGs.

DMPs were found to be distributed differently
in each region of the DMGs, with the promoter
region (TSS1500, TSS200, 5’UTR, 1stExon)
accounting for approximately 24.31% (Figure
1E).

Irradiation-induced DNA methylation changes
upregulated HK1 in irradiation-resistant
NSCLC cells

In order to investigate the potential impact of
irradiation-induced DNA methylation changes
on the transcriptional regulation of associated
genes, transcriptomic sequencing was con-
ducted to observe alterations in gene expres-
sion profiles in H1299, H1299-10, and H1299-
20 cells. Differential gene expression analysis
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was performed using the criteria of an absolute
log2fold-change > 0.5 (P < 0.05) between
H1299 and H1299-10 cells, and between
H1299-10 and H1299-20 cells, to identify
genes that exhibited varying expression levels
with increasing degrees of irradiation-resis-
tance (Table S2). Among the 75 differentially
expressed genes (DEGs) regulated by irradia-
tion, 61 DEGs showed a continuous increase in
expression levels as the degree of irradiation-
resistance increased, while 14 DEGs exhibited
a continuous decrease in expression levels
with increasing irradiation-resistance (Figure
2A). The top 8 Biological Process (BP), 8 Cellular
Component (CC), and 8 Molecular Function
(MF) terms from the Gene Ontology (GO) func-
tional enrichment analysis of the 75 DEGs are
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Figure 3. Integrated DNA methylation and gene expression analysis. A. Venn diagram showing the overlap between
differentially methylated genes (DMG) and differentially expressed genes (DEG). B. The B-values of lllumina Meth-
ylation EPIC BeadChip probes mapping to the promoter regions of HK1 gene in H1299, H1299-10, and H1299-20
cells. C. The fragments per kilobase of exon per million reads mapped (FPKM) values of HK1 gene in H1299,

H1299-10, and H1299-20 cells (*P < 0.05).

presented in Figure 2B. Additionally, Kyoto
Encyclopedia of Genes and Genomes (KEGQG)
pathway enrichment analysis revealed that
these genes were closely associated with 10
significantly enriched pathways (P < 0.05)
(Figure 2C).

Subsequently, an integrated analysis of DNA
methylation and gene expression profiles was
conducted to investigate the transcriptional
regulation of DEGs in response to irradiation-
induced DNA methylation alterations. Here, we
examined the overlap between DMGs and
DEGs and identified a total of 12 DEGs that are
associated with DMPs (Figure 3A). It is widely
recognized that DNA methylation levels in the
promoter region are inversely correlated with
the expression of relevant genes. Among the
12 DEGs with associated DMPs, the HK1 gene
exhibited a decrease in DNA methylation in its
promoter region, leading to an increase in gene
expression. The B-values of two CpG sites locat-
ed at positions -787 and +124 around the HK1
promoter showed a consistent decrease with
increasing levels of resistance to irradiation
(Figure 3B). In contrast, the FPKM values of
HK1 displayed a continuous increase with the
degree of irradiation-resistance (Figure 3C).
These findings indicate that reduced methyla-
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tion of the HK1 promoter is associated with
elevated expression levels of HK1.

The study also confirmed the influence of DNA
methylation on HK1 expression by examining
the methylation status of the HK1 promoter.
Initially, we assessed the methylation status of
the HK1 promoter and the expression levels of
HK1 in two irradiation-sensitive NSCLC cell
lines (H1299 and H1975) and two irradiation-
resistant NSCLC cell lines (H1299-10 and
H1299-20). Methylation-specific PCR (MSP)
analysis was conducted to determine the meth-
ylation status of two CpG sites (-787, +124)
within the HK1 promoter region. The results
revealed hypomethylation (methylation index <
0.5) of these CpG sites in H1299-10 and
H1299-20 cells, while hypermethylation (meth-
ylation index > 0.5) was observed in H1299
and H1975 cells (Figure 4A). Subsequently,
western blotting and RT-PCR analyses demon-
strated higher HK1 expression levels in H1299-
10 and H1299-20 cells (hypomethylated) com-
pared to H1299 and H1975 cells (hypermethyl-
ated) (Figure 4B). Treatment with the DNA
methyltransferase inhibitor 5-aza-2’deoxyciti-
dine (5-Aza-dC) to reduce HK1 promoter meth-
ylation levels resulted in upregulated HK1
expression in H1299 and H1975 cells (Figure
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Figure 4. HK1 expression regulated through DNA methylation. A. Representative methylation-specific PCR (MSP)
data for the HK1 promoter region using the MSP primer pairs represented in the schematic. M, methylated allele; U,
unmethylated allele. B. The mRNA and protein levels of HK1 in H1975, H1299, H1299-10, and H1299-20 cells. C.
The mRNA and protein levels of HK1 after treatment with 5-aza-2’-deoxycytidine (5-Aza-dC) (*P < 0.05).

4A and 4C). These findings collectively suggest
that hypomethylation of CpG sites within the
HK1 promoter promotes HK1 expression, and
alterations in DNA methylation induced by irra-
diation may represent a regulatory mechanism
contributing to the activation of HK1 expres-
sion in irradiation-resistant NSCLC cells.

HK1 affects irradiation-resistance of NSCLC
cells

Based on the analysis and confirmation men-
tioned above, it was discovered that HK1 is
upregulated through DNA methylation during
the development of resistance to irradiation.
This led to an investigation into how HK1
affects the irradiation-resistance of NSCLC
cells. Initially, shRNAs were introduced into
H1299-10 and H1299-20 cells to facilitate
the knockdown of HK1 expression (Figure 5A).
The investigation revealed that the knockdown
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of HK1 decreased irradiation-resistance in
H1299-10 cells (the ED,, decreased from 4.17
+0.291t0 1.86 + 0.18 Gy (shRNA 1) and 2.07 +
0.15 Gy (shRNA2)) and H1299-20 cells (the
ED,, decreased from 7.12 + 0.53 to 2.72 +
0.31 Gy (shRNA 1) and 3.49 + 0.33 Gy
(shRNA2)) (Figure 5B). Additionally, we asse-
ssed the ability of NSCLC cells with HK1 knock-
down and control cells to form colonies after
being exposed to 2 Gy of irradiation, compared
to non-irradiated cells. The results showed a
significant decrease in colony formation in irra-
diated cells compared to non-irradiated cells,
and HK1 knockdown led to reduced colony for-
mation in both non-irradiated and irradiated
H1299-10 and H1299-20 cells (Figure 5C).

Subsequently, plasmids harboring an elevated
level of HK1 were transfected into H1299 and
H1975 cells to induce the overexpression of
HK1 (Figure 6A). The outcomes revealed that
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Figure 5. Effects of HK1 on irradiation-resistance in NSCLC cells. A. The mRNA and protein levels of HK1 modulated
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treatment was decreased by HK1 shRNAs in H1299-10 and H1299-20 cells. C. Colony formation after different
doses of irradiation treatment was decreased by HK1 shRNAs in H1299-10 and H1299-20 cells (*P < 0.05).

the overexpression of HK1 in H1299 and
H1975 cells led to enhanced resistance to irra-
diation, as evidenced by the ED50 values rising
from 2.18 + 0.19 to 5.36 + 0.37 Gy in H1299
cells and from 3.35 + 0.22t06.28 + 0.43 Gy in
H1975 cells (Figure 6B). Furthermore, the over-
expression of HK1 resulted in elevated colony
formation rates in both non-irradiated and irra-
diated H1299 and H1975 cells (depicted in
Figure 6C). In addition, we examined the impact
of HK1 on cell proliferation, apoptosis, and
migration. The findings indicated that the over-
expression of HK1 enhanced cell proliferation
in H1299 and H1975 cells (Figure 6D).
Conversely, the overexpression of HK1 did not
influence apoptosis or migration in H1299 and
H1975 cells (Figure 6E and 6F). While HK1 was
associated with enhanced proliferative capaci-
ty in non-irradiated cells, our findings revealed
a further reduction in colony formation of HK1
knockdown cells (Figure 5C) and an additional
increase in colony formation of HK1 overex-
pression cells (Figure 6C) following irradia-
tion, which was not attributable to proliferation
changes in HK1 expression levels. Overall, the
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study suggests that abnormal DNA methylation
induced by irradiation can regulate HK1 overex-
pression, which contributes to the development
of irradiation-resistance in NSCLC cells.

HK1 confers irradiation-resistance of NSCLC
cells by promoting glycolysis

HK1 is an enzyme involved in glycolysis that
facilitates the conversion of glucose to glucose-
6-phosphate (G6P). We examined whether irra-
diation-induced HK1 could enhance glycolysis
in radiation-resistant NSCLC cells, as it is
responsible for the initial step of glycolysis. The
outcomes depicted in Figure 7A illustrate a sig-
nificant rise in glucose uptake in H1299-10 and
H1299-20 cells (radiation-resistant) in contrast
to H1299 and H1975 cells, aligning with the
observation that HK1 expression levels were
elevated in H1299-10 and H1299-20 cells
compared to H1299 and H1975 cells. Fur-
thermore, the knockdown of HK1 resulted in
decreased glucose uptake in H1299-10 and
H1299-20 cells, while the overexpression of
HK1 led to increased glucose uptake in H1299
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and H1975 cells (Figure 7B). Additionally, the
assessment of glycolytic capacity was conduct-
ed by measuring the production of lactic acid,
the primary product of glycolysis. The results
indicated a heightened lactic acid production in
H1299-10 and H1299-20 cells (radiation-resis-
tant) in comparison to H1299 and H1975 cells
(Figure 7C). Moreover, the knockdown of HK1
resulted in reduced lactic acid production in
H1299-10 and H1299-20 cells, while the over-
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expression of HK1 induced lactic acid produc-
tion in H1299 and H1975 cells (Figure 7D).
These results indicate that HK1 contributes to
promoting glycolysis in irradiation-resistant
NSCLC cells.

Next, we used the glycolysis inhibitor 2-deoxy-
D-glucose (2-DG) to investigate the impact of
glycolysis on resistance to irradiation. The find-
ings showed that 2-DG treatment significantly
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Figure 7. HK1 modulates irradiation-resistance through the regulation of glycolysis. A. Glucose uptake in H1975,
H1299, H1299-10, and H1299-20 cells. B. Glucose uptake was decreased by HK1 shRNAs in H1299-10 and
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H1975 and H1299 cells (*P < 0.05).

reduced the resistance to irradiation in H1299-
10 cells (the ED,, decreased from 4.13 + 0.26
to 1.82 + 0.16 Gy) and H1299-20 cells (the
ED,, decreased from 6.79 + 0.49 to 2.15 +
0.28 Gy) (Figure 8A). Additionally, 2-DG treat-
ment led to a decrease in the ability of both
non-irradiated and irradiated H1299-10 and
H1299-20 cells to form colonies (Figure 8B).
Subsequently, we examined the impact of 2-DG
on the irradiation resistance conferred by HK1
overexpression in H1299 and H1975 cell lines.
The administration of 2-DG notably diminished
both the irradiation resistance and the colony-
forming capacity in HK1-overexpressing H1299
cells (the ED, decreased from 5.19 + 0.26 to
1.75 £ 0.11 Gy) and HKZ1-overexpressing
H1975 cells (the ED, decreased from 5.89 +
0.41 to 2.93 + 0.25 Gy) (Figure 8C and 8D).
These results suggest that abnormal glycolytic
metabolism plays a role in the resistance to
radiation in NSCLC cells, and that HK1 contrib-
utes to irradiation-resistance through HKI1-
mediated regulation of glycolysis.
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Discussion

The primary obstacle in effectively treating
NSCLC with radiotherapy is the development
of resistance to irradiation. A comprehensive
understanding of the underlying mechanisms
responsible for this resistance is crucial for
enhancing therapeutic approaches and ulti-
mately improving survival rates.

An increasing number of studies have linked
abnormal DNA methylation to cancer, including
NSCLC [20]. Abnormal changes in DNA methyl-
ation, whether increases or decreases, play a
role in cancer formation and tumor progression
[21, 22]. DNA methylation is widely recognized
as a key regulator of gene expression, with
hypermethylation and hypomethylation being
major contributors to oncogenesis [23-25].
Furthermore, there is growing evidence that
changes in DNA methylation frequently occur
during radiotherapy and significantly impact the
development of resistance to irradiation [26].
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Figure 8. HK1 modulates irradiation-resistance through the regulation of glycolysis. A. Cell viability after different
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Therefore, analyzing methylation profiles could
aid in the identification and treatment of radio-
therapy resistance. This investigation primarily
focuses on identifying the differentially expre-
ssed genes that are modulated by irradiation-
induced DNA methylation changes in NSCLC
cells. Among these genes, the HK1 gene exhib-
its reduced DNA methylation and increased
gene expression in irradiation-resistant NSCLC
cells compared to irradiation-sensitive NSCLC
cells. Our findings also demonstrate that sup-
pressing HK1 diminishes irradiation-resistance,
while overexpressing HK1 enhances irradia-
tion-resistance in NSCLC cells. Collectively,
these results suggest that irradiation-induced
alterations in DNA methylation may serve as a
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potential mechanism contributing to the epi-
genetic activation of HK1 and underscore the
role of HK1 in the development of irradiation-
resistance in NSCLC.

Research has shown that the atypical expres-
sion of HK1 plays a role in the progression of
cancer by facilitating the growth and survival of
cancer cells, and is considered an unfavorable
prognostic factor [27-29]. HK1, an enzyme clas-
sified as a member of the Hexokinases family,
is located on the outer membrane of mitochon-
dria and is crucial in the catalytic process of
glucose metabolism as the sole rate-limiting
enzyme in glycolysis [30, 31]. Glycolysis, the
principal glucose metabolism pathway in can-
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cer cells, provides many of the metabolic inter-
mediates required for biosynthetic pathways,
including ribose sugars, glycerol, citrate, non-
essential amino acids, and NADPH [32, 33]. In
contrast to normal cells, cancer cells signifi-
cantly increase their intake of glucose and gly-
colysis to generate higher levels of glycolytic
metabolites and pyruvate, a phenomenon
known as the Warburg effect [34]. By utilizing
glycolysis, cancer cells transform glucose into
pyruvic acid and then lactate in order to quickly
generate energy and facilitate the progression
of cancer [35, 36]. Recent research has indi-
cated that the abnormal glycolysis activity in
cancer cells likely plays a role in regulating
resistance to radiotherapy in malignant can-
cers [37-39]. Our study demonstrates that the
upregulation of HK1 expression can enhance
resistance to irradiation by sustaining high lev-
els of glycolysis, suggesting that the HKI1-
mediated abnormal glycolysis activity may be a
potential mechanism contributing to the irradi-
ation-resistance of NSCLC cells.

In summary, the comprehensive examination of
DNA methylation and gene expression patterns
revealed significant DNA methylation-mediated
control of transcription linked to resistance to
irradiation. Specifically, the gene HK1 exhibited
reduced DNA methylation and increased
expression in irradiation-resistant NSCLC cells.
Furthermore, our investigation established that
HK1 played a role in promoting resistance to
irradiation through the facilitation of glycolysis.
Consequently, these results offer a fresh per-
spective on the molecular mechanisms under-
lying resistance to irradiation and present
potential targets for the advancement of novel
therapeutic approaches in the context of radio-
therapy resistance.
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