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Background: Cervical cancer (CC) is the fourth most prevalent cancer among women worldwide, imposing a significant burden.
While radiotherapy is a cornerstone in CC treatment, radioresistance remains a challenge, necessitating the exploration of mech-
anisms and novel targets for overcoming this challenge. Opsin 3 (OPN3) has been implicated in cancer treatment resistance, and
the glucose-6-phosphate dehydrogenase (G6PD)-mediated glucose metabolism, along with oxidative stress, has been associated
with radioresistance. This study aimed to explore the impact of OPN3 knockdown on the radioresistance of CC cells and the
involvement of G6PD and oxidative stress in the underlying mechanisms.

Methods: The HeLa cell line, a representative of CC, was utilized in this study. OPN3 knockdown was established through
cell transfection. The subsequent effects on HeLa cell viability and apoptosis under ionizing radiation (IR) were assessed using
cell counting kit-8 (CCK-8) assay, colony forming assay, terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling
(TUNEL) assay, and western blot analysis to detect apoptosis-related proteins. Additionally, proteins associated with oxidative
stress, DNA damage, and G6PD protein levels and activity were measured using enzyme-linked immunosorbent assay (ELISA)
and western blot. Acquired radioresistant HeLa cells (RR-HeLa) were generated using IR. OPN3 knockdown was performed
in RR-HeLa cells, and subsequent effects were assessed as described for HeLa cells. Reactive oxygen species (ROS) scavenger
and G6PD inhibitor were employed to investigate the role of OPN3 in regulating oxidative stress and G6PD during radioresis-
tance. Furthermore, in the G6PD degradation, autophagy inhibitor and proteasome pathway inhibitor were used to confirm the
regulatory role of OPN3 on G6PD through autophagy.

Results: OPN3 was upregulated in RR-HeLa cells (p < 0.001). OPN3 knockdown decreased the proliferation (p < 0.001), DNA
damage (p < 0.001), and oxidative stress (p < 0.001) while reducing cell apoptosis (p < 0.001), glucose metabolism (p < 0.001),
GO6PD protein levels (p < 0.001), and activity (p < 0.001) in HeLa and RR-HeLa cells following IR treatment. OPN3 overexpression
in HeLa cells increased proliferation post-IR treatment. The post-IR cell proliferation reduction induced by OPN3 knockdown
was reversed by ROS inhibitor and G6PD overexpression (p < 0.001), while further decreased by G6PD inhibitor (p < 0.001). The
OPN3 knockdown-induced decrease in G6PD was unchanged by the proteasome pathway inhibitor (p > 0.05) but was reversed
by the autophagy inhibitor (p < 0.001), thereby reversing the post-IR cell proliferation (p < 0.001).

Conclusion: OPN3 knockdown renders HeLa cells more radiosensitive and mitigates radioresistance by promoting the autophagic
degradation of G6PD and exacerbating oxidative stress within the cells.
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Introduction in 2018 [6,7]. Moreover, in the United States alone, there
were 14,000 newly diagnosed CC cases, resulting in 4000
deaths annually [8]. Nearly 84% of CC cases and 88% of
CC-related deaths occur in low- and middle-income coun-
tries [9]. However, populations with high incidence rates
of CC and poor outcomes persist even in countries with ad-
equate resources [10]. Given the significant portion of the
global cancer burden attributed to CC, there is an urgent
need for novel and effective treatments or the optimization
of existing therapies to ameliorate CC and enhance the qual-
ity of life for CC patients.

Cervical cancer (CC), according to the 2020 global es-
timates, is the fourth most prevalent cancer and the fourth
leading cause of cancer-related deaths in women world-
wide [1]. Reports indicate that the CC contributes to 8%
of all cancer-related female deaths annually [2]. The pre-
dominant histological types of CC include adenocarcinoma,
comprising 20%, and squamous cell carcinoma, comprising
80% [3,4]. Mostly, CC affects women under 50 years old
[5], and there were approximately 570,000 new cases of CC
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Key treatments for CC include surgery, chemother-
apy, radiotherapy (RT), and immunotherapy, with exter-
nal beam radiation therapy and brachytherapy playing sig-
nificant roles [11,12]. As the primary treatment strat-
egy for locally advanced CC (LACC), RT induces direct
DNA damage in tumor cells by causing DNA double-strand
breaks (DSBs) or indirectly by generating reactive oxygen
species (ROS), subsequently leading to DNA damage [ 13—
15]. However, despite the advancements in RT efficacy
for CC patients, the emergence of radioresistance remains a
major challenge [16,17]. Therefore, there is a critical need
to investigate the mechanism underlying radioresistance to
overcome this challenge and enhance the efficacy of RT in
CC treatment.

Opsin 3 (OPN3), known as encephalopsin, has been
proved to be functionally linked to tumorigenesis, clini-
cal prognosis, and treatment resistance across various can-
cers [18-20]. However, the precise functions of OPN3
in human cancers, primarily its impact on the radioresis-
tance in RT for CC, remain elusive. Furthermore, the
glucose metabolism, encompassing oxidative phosphoryla-
tion, glycolysis, and the pentose phosphate pathway (PPP),
is closely associated with radioresistance [21]. Notably,
the glucose-6-phosphate dehydrogenase (G6PD) is a piv-
otal enzyme regulating the rate of the PPP and its sub-
strate, glucose-6-phosphate, links glycolysis with the PPP
[22]. Moreover, enhanced G6PD autophagic degradation
has been demonstrated to lead to radiosensitivity in small-
cell lung cancer cells [23].

Given that HeLa cells exhibit robust radioresistance
compared to other cancer cell lines, this study aimed to ex-
plore the influence of OPN3 on radioresistance in HelLa
CC cells and elucidate the underlying mechanisms involv-
ing GO6PD degradation and oxidative stress [24]. This study
contributes to a deeper understanding of the role of OPN3
in cancers and treatment resistance and identifies potential
targets for optimizing therapeutic strategies in RT for CC.

Materials and Methods

Cell Culture and Reagent Treatments

The human CC cell line HeLa (iCell-h088) was pro-
cured from iCell Bioscience Inc. (Shanghai, China) and
cultured in the specific medium for HeLa (iCell-h088-
001Db, iCell Bioscience Inc., Shanghai, China) under stan-
dard conditions of 37 °C, 70-80% humidity, and 5%
CO5. When inhibition of ROS in HeLa cells was nec-
essary, N-acetylcysteine (NAC; HY-B0215, MedChemEx-
press, Monmouth Junction, NJ, USA) was supplemented
into the culture medium (3 nM [25]). For inhibition of
G6PD in HeLa cells, the 6-aminonicotinamide (6-AN; HY-
W010342, MedChemExpress, Monmouth Junction, NJ,
USA) was added to the culture medium (100 nM [26]).
Autophagy in HelLa cells was suppressed by adding the
autophagy inhibitor chloroquine (an autophagy inhibitor)
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(CQ; HY-17589A, MedChemExpress, Monmouth Junc-
tion, NJ, USA) to the culture medium (20 uM [27]), while
the ubiquitin-proteasome pathway was inhibited by supple-
menting the medium with the inhibitor Z-Leu-Leu-Leu-al
(MG132; HY-13259, MedChemExpress, Monmouth Junc-
tion, NJ, USA) at a concentration of 10 uM [28]. Prior
to experimental use, cells were authenticated using short
tandem repeat (STR), and mycoplasma contamination was
routinely monitored and addressed to ensure cell line in-
tegrity.

lonizing Radiation (IR)

HeLa cells were seeded and allowed to attach
overnight. Irradiation was performed using the small an-
imal radiation research platform (SARRP; Xstrahl Inc.,
Suwanee, GA, USA). To establish radioresistant HelLa
cells, cells were first allowed to adhere to the wall of the
culture flask, followed by a single dose of 2-Gy irradia-
tion. Subsequently, cells were cultured and closely mon-
itored. Upon cellular recovery, a subsequent 2-Gy dose of
irradiation was administered. The above procedures were
repeated until a total dose of 60 Gy (30 doses of 2-Gy each)
was delivered. Surviving HeLa cells were considered as the
established radioresistant HeLa cells (RR-HeLa) [23].

Cell Transfection

For OPN3 knockdown in HeLa cells, small
interfering RNA  (siRNA) targeting OPN3  (si-
OPNS3,; 5’-CCUGGUCACUCCAACAAUATT-3")
or negative control scramble siRNA (si-NC; 5'-
UUCUCCGAACGUGUCACGUTT-3’) was obtained
from GenePharma (Shanghai, China) and transfected into
HeLa cells using the Silencer™ siRNA transfection kit
(AM1631, Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instructions. Lentiviruses containing the
pSIN-EF2 vector carrying full-length of OPN3 (OE-OPN3;
Gene ID: 1122) or G6PD-overexpressing plasmids (OE-
G6PD; Gene ID: 8517) and the empty vector (OE-NC),
were purchased from GeneChem (Shanghai, China) and
transfected into HeLa cells when the cell density reached 9
x 10* cells/dish, following the manufacturer’s instructions.
Transfection efficiency was assessed by RT-qPCR and/or
western blot analysis after 72 hours of incubation.

Cell Counting Kit-8 (CCK-8) Assays

Following exposure to ionizing radiation (IR) or con-
trol conditions, the cell proliferation was measured after
72 hours of culture. Cells were washed with phosphate-
buffered saline (PBS; C0221A, Beyotime, Shanghai,
China) and incubated in fresh culture medium supple-
mented with 10 pL of CCK-8 solution (C0037, Beyotime,
Shanghai, China) for 4 hours at 37 °C. Subsequently, the
optical density (OD) at 450 nm was measured using a mi-
croplate reader (Multiskan Sky, ThermoFisher Scientific,
Shanghai, China).
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Colony Formation Assay

Cells (1 x 10° cells/well) were seeded in 6-well plates.
After exposure to IR or control conditions, cells were cul-
tured for 72 hours. After removing any supplemented
chemical reagents, cells were normally cultured for an ad-
ditional 10 days. Subsequently, cells were fixed with 4%
paraformaldehyde (P0099, Beyotime, Shanghai, China) for
15 minutes and stained with 0.5 crystal violet (C0121, Be-
yotime, Shanghai, China) for 15 minutes. The formed
colonies were visualized and captured under a microscope
(CKX53, Olympus, Tokyo, Japan). Colony counting was
performed using ImageJ software (version 1.48, National
Institutes of Health, Bethesda, MD, USA), and colonies
with more than 50 cells were considered for calculating the
survival fraction.

Terminal Deoxynucleotidyl Transferase (TdT)
dUTP Nick-End Labeling (TUNEL) Assay

Following exposure to IR or control conditions, cells
were cultured with the designated treatments for 48 hours.
Subsequently, cells were washed with PBS and fixed
with 4% paraformaldehyde (P0099, Beyotime, Shanghai,
China) for 30 minutes, followed by permeabilization us-
ing a permeabilization solution (P0097, Beyotime, Shang-
hai, China). In a dark environment, cells were incu-
bated with 50 pL of TUNEL reagent (C1088, Beyotime,
Shanghai, China) for 60 minutes at 37 °C. After washing
with PBS, cells were stained with 2-(4-Amidinophenyl)-
6-indolecarbamidine dihydrochloride (DAPI; C1002, Bey-
otime, Shanghai, China), and TUNEL-positive cells were
visualized under a microscope (CKX53, Olympus, Tokyo,
Japan). The rate of cell apoptosis was calculated by ran-
domly selecting three or more fields and applying the fol-
lowing formula: Cell apoptosis rate = 100% x (number of
apoptotic cells [green])/(total number of cells [blue]).

RT-gPCR

Following exposure to IR or control conditions, cells
were cultured with the designated treatments for 24 hours.
Subsequently, total RNA was extracted from cells using
TRIzol reagent (R0016, Beyotime, Shanghai, China). A
3 uL aliquot of the RNA sample was utilized for cDNA
synthesis with the FastQuant cDNA (KR116, Tiangen,
Beijing, China). The qPCR reaction was performed us-
ing the BeyoFast™ SYBR Green One-Step qRT-PCR kit
(D7268S, Beyotime, Shanghai, China) in the PCR instru-
ment (LightCycler96, Roche, Shanghai, China). Expres-
sion levels were determined using the 2~ 2 method, with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
the internal reference. Primer sequences used are listed in
Table 1.

Western Blot Analysis

Following exposure to IR or control conditions,
cells were cultured with the designated treatments for 24
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Table 1. Primer sequences used in this study.

Name Sequence (5’-3%)

OPN3-F  CAATCCAGTGATTTATGTCTTCATGATCAGAAAG
OPN3-R GCATTTCACTTCCAGCTGCTGGTAGGT
GAPDH-F GACATCCGCAAAGACCTG

GAPDH-R GGAAGGTGGACAGCGAG

OPN3, opsin 3; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; F, forward; R, reverse.

hours. Subsequently, total proteins were extracted from
cells using radioimmunoprecipitation assay (RIPA) lysis
buffer containing phenylmethylsulfonyl fluoride (PMSF)
(R0O010, Solarbio, Beijing, China). For western blot
analysis, 40 pg of protein was separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE; 10%; PO012A, Beyotime, Shanghai, China). The
separated proteins were then transferred onto nitrocellu-
lose membranes (IPVH00010, Millipore, Billerica, MA,
USA). After blocking with 5% nonfat milk for 2 hours
at room temperature, the membranes were incubated with
primary antibodies overnight at 4 °C, followed by in-
cubation with secondary antibodies for 2 hours. Pri-
mary antibodies used were anti-OPN3 (1:1000 dilution;
PAS5-106831, Invitrogen, Carlsbad, CA, USA), anti-poly
(ADP-ribose) polymerase 1 (anti-PARP1; 1:1000 dilu-
tion; ab191217, Abcam, Cambridge, MA, USA), anti-
cleaved-PARP1 (1:1000 dilution; ab32064, Abcam, Cam-
bridge, MA, USA), anti-nuclear factor erythroid 2-related
factor 2 (anti-Nrf2; 1:1000 dilution; ab137550, Abcam,
Cambridge, MA, USA), anti-phosphorylated Nrf2 (anti-p-
Nrf2; 1:1000 dilution; PA5-67520, Invitrogen, Carlsbad,
CA, USA), anti-G6PD (1:1000 dilution; ab133525, Ab-
cam, Cambridge, MA, USA), anti-light chain 3B (anti-
LC3B; 1:1000 dilution; ab48394, Abcam, Cambridge, MA,
USA), and anti-GAPDH (1:1000 dilution; ab8245, Abcam,
Cambridge, MA, USA). The Rabbit anti-Human IgG Fc
Secondary antibody (1:10000 dilution; 31423, Invitrogen,
Carlsbad, CA, USA) was used as the secondary antibody for
2 hours. Protein bands were visualized using an Enhanced
chemiluminescence (ECL) kit (P0018S, Beyotime, Shang-
hai, China), and grayscale values were analyzed using Im-
agel software (version 1.48, National Institutes of Health,
Bethesda, MD, USA).

Enzyme-Linked Immunosorbent Assay (ELISA)

Following exposure to IR or control conditions, cells
were cultured with the designated treatments for 24 hours.
Subsequently, the levels of the following components in
cells were measured following manufacturers’ instructions:
gamma histone 2AX (y-H2AX; ab279817, Abcam, Cam-
bridge, MA, USA), dihydronicotinamide adenine dinu-
cleotide phosphate (NADPH; S0179, Beyotime, Shanghai,
China), ROS (S0033S, Beyotime, Shanghai, China), lac-
tic acid (D799851, Sangon Biotech Co., Shanghai, China),
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glucose transporter type 1 (GLUT1; E-EL-H1822c, Elab-
science Biotechnology Co., Ltd., Wuhan, China), G6PD (E-
EL-H1816c¢, Elabscience Biotechnology Co., Ltd., Wuhan,
China), and G6PD activity (ab176722, Abcam, Cam-
bridge, MA, USA). Each measurement was performed us-
ing ELISA kits specific to the respective targets.

Statistical Analysis

Data were analyzed using GraphPad Prism software
(version 8.0.2, La Jolla, CA, USA) and were expressed as
mean =+ standard deviation. One-way analysis of variance
(ANOVA) followed by Turkey’s post hoc test was used for
comparisons among multiple groups, while student’s ¢-test
was employed for pairwise comparisons. A significance
level of p < 0.05 was considered statistically significant.

Results

Downregulation of OPN3 Enhances Radiosensitivity
in HeLa Cells

We initially verified the efficacy of siRNA transfec-
tion. As illustrated, OPN3 protein (Fig. 1A; p < 0.001) and
mRNA (Fig. 1B; p < 0.001) were significantly downregu-
lated in si-OPN3 transfected HeLa cells (HeLa+si-OPN3)
compared to si-NC transfected HeLa cells (HeLatsi-NC),
confirming successful transfection and OPN3 knockdown.
Moreover, 24 hours after exposure to 2-Gy IR, the downreg-
ulation of OPN3 protein (p < 0.001) and mRNA (p < 0.001)
persisted in HeLa+si-OPN3 compared to HeLa+si-NC. Ad-
ditionally, after IR treatment, the OPN3 mRNA and protein
levels increased in HeLa and HeLa+si-NC cells (p < 0.05).
Following exposure to 2-Gy IR, the CCK-8 assay was em-
ployed to measure cell proliferation (Fig. 1C). The results
demonstrated that IR impaired HeLa cell proliferation (p <
0.01), which was further reduced in HeLa+si-OPN3 cells (p
< 0.001). Similarly, in Fig. 1D, 72 hours post-exposure to
2-Gy IR, the survival fraction of HeLa+si-OPN3 was sig-
nificantly lower compared to that of HeLa+si-NC cells (p <
0.05), indicating increased vulnerability to IR in HeLa+si-
OPN3 cells.

The results of the TUNEL assay (Fig. 1E) revealed
that 2-Gy IR induced apoptosis in HeLa cells (p < 0.001),
with a further increase observed in HeLa+si-OPN3 cells
compared to HeLa+si-NC cells (p < 0.001). These findings
were verified by the western blot results in Fig. 1F, showing
that after the 2-Gy IR treatment, Cleaved-PARP1/PARP1
levels increased in HeLa cells (p < 0.05), with a further
elevation observed in HeLatsi-OPN3 cells compared to
HeLa+si-NC cells (p < 0.001). Taken together, these find-
ings suggest that the OPN3-knockdown HelL a cells exhibit
increased radiosensitivity and are more susceptible to cell
death induced by IR.
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OPN3 Knockdown Increases DNA Damage and
Oxidative Stress Induced by IR

As the molecular marker of DNA damage, v-H2AX
levels were elevated in HeLa cells following IR treatment
(Fig. 2A; p < 0.001). Moreover, compared to HeLa+si-NC
cells, HeLa+si-OPN3 cells exhibited significantly higher
levels of v-H2AX in response to IR (p < 0.001), indicat-
ing more severe DNA damage in OPN3-knockdown HeLa
cells. Moreover, Nrf2 is an antioxidant protein that protects
cells from oxidative stress and phosphorylated Nrf2 (p-
Nrf2) accumulates under oxidative stress conditions [29].
As shown in Fig. 2B, levels of p-Nrf2/Nrf2 increased in
HeLa cells following IR treatment (p < 0.001), with a fur-
ther elevation observed in HeLa+si-OPN3 cells compared
to HeLa+si-NC cells (p < 0.001).

Additionally, IR induced a decrease in NADPH levels
(Fig. 2C; p < 0.01) and an increase in ROS levels (Fig. 2D;
p < 0.001) in HeLa cells. Furthermore, HeLa+si-OPN3
cells treated with IR exhibited lower NADPH levels (p <
0.001) and higher ROS levels (p < 0.001) compared to
Hela+si-NC cells treated with IR. These findings suggest
that the IR induces DNA damage and oxidative stress in
HelLa cells, and these effects are exacerbated when OPN3
is knocked down.

OPN3 Knockdown Suppresses G6PD-Mediated
Glucose Metabolism

We further investigated whether OPN3-regulated ra-
dioresistance was associated with glucose metabolism and
G6PD. As shown in Fig. 2E, lactic acid production was sig-
nificantly reduced in si-OPN3 transfected HeLa cells com-
pared to si-NC transfected HeLa cells (p < 0.001). More-
over, the level of GLUT1 was decreased in HeLa cells
following IR treatment (Fig. 2F; p < 0.05), with a fur-
ther reduction observed in si-OPN3 transfected HeLa cells
(Fig. 2F; p < 0.001). These findings indicate that IR-
induced suppression of glucose metabolism is enhanced in
OPN3-knockdown HeLa cells compared to HeLa cells.

Additionally, we observed that the alteration in glu-
cose metabolism was associated with GO6PD activity, as IR
treatment led to a decrease in G6PD activity in HeLa cells
(Fig. 2G; p < 0.05), which was further reduced in OPN3-
knockdown HeLa cells (Fig. 2G; p < 0.01). These findings
suggest that the effect of OPN3 on glucose metabolism may
be associated with promoting G6PD degradation.

Successful Establishment of Acquired Radioresistant
HelLa Cells with Different OPN3 Expression Levels

We established the acquired radioresistant HeLa cells
(RR-HeLa) by exposing HeLa cells to X-rays at a dose of 2
Gyper treatment, repeated for a total of 60 Gy. The western
blot results (Fig. 3) demonstrated that OPN3 levels were
increased in RR-HeLa cells compared to HeLa cells (p <
0.001). Additionally, OPN3 protein levels were decreased
in RR-HeLa+si-OPN3 cells compared to RR-HeLa cells
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Fig. 1. OPN3 knockdown enhances radiosensitivity in HeLa cells. (A) Western blot analysis of OPN3 protein levels. (B) Quantifi-
cation of OPN3 mRNA levels in differently treated HeLa cells. (C) Cell proliferation assessed by cell counting kit-8 (CCK-8) assay
following IR exposure. (D) Survival fraction of cells determined by colony-forming assay after IR exposure. (E) Cell apoptosis de-
tected by TUNEL assay after IR exposure (Scale bar: 50 um). (F) Levels of Cleaved-PARP1/PARP1 in cells following IR exposure.
n = 5. Abbreviations: OPN3, opsin 3; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IR, ionizing radiation; TUNEL, termi-
nal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling; PARP1, poly (ADP-ribose) polymerase 1; si-OPN3, small interfering
RNA (siRNA) targeting OPN3; si-NC, negative control scramble siRNA; HeLa+si-NC, si-NC transfected HeLa cells; HeLa+si-OPN3,
si-OPNS3 transfected HeLa cells; HeLa+IR, HeLa cells treated with IR; HeLa+si-OPN3+IR, si-OPN3 transfected HeLa cells treated with
IR; HeLa+si-NC+IR, si-NC transfected HeLa cells treated with IR. n = 6. Tp < 0.05 HeLa+si-OPN3+IR vs. HeLa+si-NC+IR. *p <
0.05, **p < 0.01, ***p < 0.001.
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Fig. 2. OPN3 knockdown increases IR-induced DNA damage and oxidative stress, and suppresses G6PD-mediated glucose
metabolism. (A) Protein levels of y-H2AX measured by enzyme-linked immunosorbent assay (ELISA). (B) Western blot analysis
of phosphorylated (p)-Nrf2/Nrf2 levels. Levels of (C) NADPH, (D) reactive oxygen species (ROS), (E) lactic acid production, (F)
GLUT1, and (G) the G6PD activity in differently treated HeLa cells measured by ELISA. n = 5. Abbreviations: y-H2AX, gamma hi-
stone 2AX; NADPH, dihydronicotinamide adenine dinucleotide phosphate; Nrf2, nuclear factor erythroid 2-related factor 2; GLUTI,
glucose transporter type 1; G6PD, glucose-6-phosphate dehydrogenase. n=6. *p < 0.05, **p < 0.01, ***p < 0.001.
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transfected with si-NC (RR-HeLa+si-NC cells) (p < 0.001),
indicating successful OPN3 knockdown in RR-HeLa cells
through si-OPN3 transfection.

Validation of Establishment of Radioresistant HeLa
Cells and Reversal of Acquired Radioresistance by
OPN3 Knockdown in HeLa Cells

The IR treatment (4 Gy) induced fewer TUNEL-
positive RR-HeLa cells compared to TUNEL-positive
HeLa cells (Fig. 4A; p < 0.001) and decreased level
of cleaved-PARP1/PARPI1 in RR-HeLa cells compared to
HeLa cells (Fig. 4B; p < 0.001), demonstrating reduced
apoptosis of RR-HeLa cells induced by IR. Moreover, af-
ter treatment with IR, RR-HeL a cells exhibited higher lev-
els of cell proliferation (Fig. 4C; p < 0.001) and survival
fraction (Fig. 4D; p < 0.001) compared to HeLa cells, indi-
cating increased survivability of RR-HeLa cells under IR.
These findings validate the established acquired radiore-
sistance in the RR-HeLa cells. However, IR induced in-
creased TUNEL-positive cells (Fig. 4A; p < 0.001) and
an increased level of cleaved-PARP1/PARP1 (Fig. 4B; p
< 0.001) in RR-HeLa+si-OPN3 cells compared to RR-
HeLa+si-NC cells, demonstrating that IR could induce
more apoptosis in OPN3-knockdown RR-HeLa cells. Fur-
thermore, under IR treatment, cell proliferation (Fig. 4C; p
< 0.001) and cell survival (Fig. 4D,E; p < 0.001) of OPN3-
knockdown RR-HeLa cells were decreased compared to
RR-HeLa+si-NC cells, indicating that OPN3-knockdown
RR-HeLa cells were less radioresistant. These findings sug-
gest that OPN3 knockdown disrupts the acquired radioresis-
tance in RR-HeL a cells.

More DNA Damage and Oxidative Stress were
Induced by IR in RR-HeLa Cells with OPN3
Knockdown

After IR treatment, the v-H2AX level was lower in
RR-HeLa compared to HeLa cells (Fig. 5A; p < 0.001), in-
dicating less DNA damage in RR-HeLa cells. However,
compared to RR-HeLa+si-NC cells, IR induced more ~-
H2AX in RR-HeLa+si-OPN3 cells (p < 0.001), suggesting
that DNA damage was more severe in OPN3-knockdown
RR-HeLa cells. Moreover, the level of p-Nrf2/Nrf2 was
lower in RR-HeLa cells than in HeLa cells after IR treat-
ment (Fig. 5B; p < 0.001), and IR triggered an increased
level in RR-HeLa+si-OPN3 cells compared to HeLa+si-NC
cells (p < 0.001). Additionally, under IR treatment, RR-
HeLa cells exhibited a higher level of NADPH (Fig. 5C; p <
0.001) and a lower level of ROS (Fig. 5D; p < 0.001) com-
pared to HeLa cells. However, compared to RR-HeLa+si-
NC cells treated with IR, IR-treated RR-HeLa+si-OPN3
cells had a lower level of NADPH (p < 0.001) and a higher
level of ROS (p < 0.001). These findings indicate that IR
triggers less DNA damage and oxidative stress in RR-HeLa
cells, while the self-protection of RR-HeLa against IR was
disrupted by OPN3 knockdown.

OPN3 Knockdown Attenuates G6PD-Mediated
Glucose Metabolism in RR-HeLa Cells

As shown in Fig. 5E, a significantly higher lactic acid
production in RR-HeLa cells was observed compared to
HeLa cells (p < 0.001), while si-OPN3 transfected RR-
HeLa cells exhibited significantly lower lactic acid produc-
tion compared to si-NC transfected RR-HeLa cells (p <
0.001). Additionally, exposure to IR increased GLUT]1 lev-
els in RR-HeLa cells (Fig. 5F; p < 0.001), a response atten-
uated by OPN3 knockdown (Fig. 5F; p < 0.001).
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These findings indicate enhanced glucose metabolism
upon acquiring radioresistance in HeLa cells, which was
mitigated by OPN3 knockdown. Moreover, the G6PD ac-
tivity (Fig. 5G; p < 0.001) was significantly elevated in
RR-HeLa cells following IR treatment compared to HeLa
cells, while this elevation was decreased by OPN3 knock-
down (Fig. 5G; p < 0.001). These findings suggest a corre-
lation between enhanced glucose metabolism mediated by
G6PD and radioresistance in RR-HeLa cells, which can be
suppressed by OPN3 knockdown, compromising radiore-
sistance in RR-HeL a cells.

OPN3 Knockdown Reverses Radioresistance in
HelLa Cells by Elevating Oxidative Stress and
Reducing G6PD Levels

To further validate the impact of OPN3 on radioresis-
tance, we investigated the effect of increased OPN3 levels
on the HeLa cell proliferation under IR. Fig. 6A demon-
strates the successful elevation of OPN3 protein levels in
OE-OPN3 transfected HeLa cells (p < 0.001). As shown
in Fig. 6B, cell proliferation decreased in HeLa cells under
IR (p < 0.01). However, compared to OE-NC-transfected
HeLa cells, HeLa transfected with OE-OPN3 proliferated
more under IR (p < 0.05), suggesting that elevated OPN3
levels promoted radioresistance in HeLa cells. These obser-
vations, combined with the earlier findings, strongly sup-
port the role of OPN3 in enhancing the radioresistance,
while OPN3 knockdown sensitized HeLa cells to radiation.

As shown previously, OPN3 knockdown increased the
ROS levels in HeLa and RR-HeLa cells. We employed the
N-acetylcysteine (NAC), a ROS scavenger, to investigate
the role of ROS in OPN3 knockdown-mediated sensitiza-
tion to radiation. Cell proliferation of HeLa cells decreased
under IR (Fig. 6C; p < 0.01), further reduced by OPN3
knockdown (p < 0.001), and reversed by NAC (p < 0.001).
These findings suggest that OPN3 knockdown attenuated
radioresistance by enhancing ROS levels in HeLa cells.
This suggestion is supported by results in Fig. 6D, show-
ing increased proliferation of RR-HeLa cells compared to
HeLa cells under IR (»p < 0.001). OPN3 knockdown de-
creased this proliferative capacity (p < 0.001), which was
restored by NAC (p < 0.001), indicating that OPN3 knock-
down suppressed radioresistance in RR-HeLa cells by in-
creasing ROS levels and oxidative stress.

Further “loss and gain” experiments were conducted
to verify the role of G6PD levels in OPN3 knockdown-
mediated reversal of radioresistance. Fig. 6E illustrates
that OPN3 knockdown decreased HeLa cell proliferation
under IR (p < 0.001), which was further reduced by 6-
aminonicotinamide (6-AN), a specific G6PD inhibitor (p <
0.01). Similarly, as shown in Fig. 6F, OPN3 knockdown
reversed radioresistance in RR-HeLa cells, resulting in re-
duced proliferation (p < 0.001), and the 6-AN further di-
minished more of the radioresistance, resulting in reduced
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proliferation (p < 0.01). These findings indicate a direct
association between G6PD suppression and reversal of ra-
dioresistance.

Moreover, we overexpressed G6PD in OPN3-
knockdown HeLa cells to investigate whether OPN3
knockdown sensitized cells to radiation by reducing G6PD
levels. Fig. 6G confirms decreased G6PD levels in OPN3
knockdown HeL a cells compared to si-NC transfected cells
(» < 0.001) and subsequent increase after transfection with
OE-G6PD (p < 0.001), indicating successful transfection
and upregulation of G6PD expression. Consequently,
Fig. 6H shows that OPN3 knockdown sensitized HelLa
cells to radiation, resulting in reduced proliferation (p
< 0.001), while additional G6PD expression in OPN3
knockdown HeLa cells reversed this effect, leading to
increased proliferation under IR (p < 0.001). These
findings demonstrate that OPN3 knockdown could not
overcome radioresistance when G6PD levels were not
successfully decreased, highlighting the pivotal role of
G6PD downregulation in reversing radioresistance by
OPN3 knockdown.

OPN3 Knockdown Reduces G6PD Levels by
Promoting G6PD Degradation Mediated by the
Autophagy-Lysosome Pathway

We further explored the mechanisms underlying
OPN3-mediated G6PD degradation, focusing on the pro-
teasomal and autophagic lysosomal pathways responsible
for protein degradation. As shown in Fig. 7A, G6PD lev-
els decreased upon OPN3 knockdown in RR-HeLa cells (p
< 0.001). Notably, this reduction in G6PD was reversed
by the autophagy inhibitor chloroquine (an autophagy in-
hibitor) (CQ) (p < 0.001), while the proteasome pathway
inhibitor MG 132 did not elicit any significant change (p >
0.05). Moreover, the CQ-induced increase in G6PD levels
remained unchanged by MG132 (p > 0.05). These findings
suggest that OPN3 knockdown reduces G6PD levels by
promoting autophagic lysosomal pathway-mediated G6PD
degradation.

To verify these findings, we conducted western blot
analysis to assess autophagy-related protein levels under IR
treatment. As illustrated in Fig. 7B,C, OPN3 knockdown in
RR-HeLa cells led to decreased G6PD levels and increased
LC3B II levels (p < 0.01 and p < 0.001, respectively),
corresponding to reduced cell proliferation (Fig. 7D; p <
0.001) under IR treatment. Notably, these alterations were
reversed by the autophagy inhibitor CQ (G6PD, p < 0.001;
LC3B I, p < 0.001; cell proliferation, p < 0.001). Collec-
tively, these findings demonstrate that OPN3 knockdown
overcomes radioresistance by promoting autophagic degra-
dation of G6PD, leading to reduced G6PD levels.
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Discussion

This study firstly provides novel insights into the role
of OPN3, primarily its knockdown, in cervical cancer (CC)

therapeutic resistance and highlights the association be-
tween OPN3 knockdown and the G6PD-mediated pentose
phosphate (PPP) underlying CC radioresistance. Our re-
sults indicate that OPN3 may contribute to the develop-
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Fig. 6. OPN3 knockdown overcomes radioresistance in HeLa cells by increasing oxidative stress and reducing G6PD levels. (A)
OPN3 protein levels in transfected HeLa cells. (B) Cell proliferation assessed by CCK-8 assay measuring the effect of increased OPN3
protein level on proliferation of HeLa cells. Effects of N-acetylcysteine (NAC; the ROS scavenger) on proliferation of (C) HeLa cells and
(D) RR-HeLa cells assessed by CCK-8 assays. Effect of 6-aminonicotinamide (6-AN; the specific inhibitor of G6PD) on proliferation of
(E) HeLa cells and (F) RR-HeLa cells assessed by CCK-8 assays. Levels of (G) G6PD protein and (H) corresponding cell proliferation
in differently treated HeLa cells. Abbreviations: OE-NC, empty vector; OE-G6PD, G6PD-overexpressing plasmids. n = 6. *p < 0.05,
**p < 0.01, ***p < 0.001.
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ment of radioresistance in CC cells, and its inhibition may
enhance DNA damage and oxidative stress by suppress-
ing G6PD expression and activity, thereby promoting cell
apoptosis upon ionization radiation (IR) treatment. Addi-
tionally, the capacity of OPN3 knockdown to overcome ra-

dioresistance in CC cells was associated with the accelera-
tion of GO6PD degradation through the autophagy process.
OPN3, crucial in light-dependent and light-
independent processes, has been identified as a risk
factor for various cancers [18-20,30]. Notably, a previous
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study demonstrated that downregulation of OPN3 induces
melanocyte apoptosis through the mitochondrial apoptosis
pathway [31], implicating OPN3 in mitochondrial function
and dysfunction. Oxidative stress has been shown to
induce mitochondrial dysfunction [32], and glucose levels
and metabolism influence mitochondrial dysfunction [33].
In this study, we observed that OPN3 knockdown increased
apoptosis in CC cells following IR treatment, accompa-
nied by elevated oxidative stress and DNA damage, and
decreased glucose metabolism. These findings suggest
that OPN3 knockdown increases the sensitivity of HelLa
cells to IR by enhancing oxidative stress and DNA damage
while reducing glucose metabolism. However, further
investigation is needed to determine whether these effects
result in mitochondrial dysfunction in CC cells.

Radiotherapy (RT) is a critical and pivotal component
in treating CC, especially in advanced stages [34]. The ef-
ficacy of RT lies in its ability to induce various mechanisms
for tumor cell eradication. Ionizing radiation penetrates tis-
sues, disrupting chemical bonds, causing electron removal
from atoms, and inducing chromosomal mutations, notably
by forming DNA double-strand breaks (DSBs), which rep-
resent a pivotal mechanism for cell death [35-37].

Moreover, RT triggers the generation of ROS, indi-
rectly contributing to cancer cell death through various bi-
ological alterations, apoptosis, autophagy, and necrotic cell
death pathways [38,39]. Photodynamic therapy, a widely
used clinical approach, is based on inducing ROS to elim-
inate CC cells [40]. Our study demonstrates that OPN3
knockdown augments radiosensitivity or disrupts radiore-
sistance in CC cells by enhancing IR-induced DNA dam-
age and ROS production in HeLa cells. These observations
align with the notion that increased DNA damage and ROS
levels promote cancer cell death, underscoring the potential
efficacy of OPN3 knockdown in radiosensitizing CC cells.

Another strategy to enhance radiosensitivity in CC in-
volves inhibiting DNA repair mechanisms [34]. Two crit-
ical pathways, homologous recombination (HR) and non-
homologous end joining (NHEJ), participate in DNA repair
post-RT [41]. Previous studies have shown that inhibiting
HR- and NHEJ-related genes heightens cancer cell sensi-
tivity to RT [42,43]. PARPI, a key sensor of DNA damage,
is crucial in repairing single-strand DNA breaks. However,
cleavage of PARPI1 leads to its inactivation, thereby sup-
pressing DNA repair processes [44]. Inhibition of PARP1
has been demonstrated to enhance radiosensitivity in CC
[45,46]. Our findings reveal that OPN3 knockdown in-
creases DNA damage, as evidenced by elevated levels of
~v-H2AX, while concurrently suppressing DNA repair, in-
dicated by increased levels of cleaved-PARP1 in CC cells.
This further underscores the relationship between height-
ened DNA damage and suppressed DNA repair in promot-
ing radiosensitivity, thus elucidating how OPN3 knock-
down promotes radiosensitivity in CC cells.
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Furthermore, glucose metabolism is critical in CC pro-
gression, as the growth and proliferation of CC cells pri-
marily rely on energy obtained through aerobic glycolysis,
making glycolysis inhibition a promising therapeutic strat-
egy for CC treatment [47]. GLUT], a key enzyme in CC
cells, facilitates aerobic glycolysis by promoting glucose
uptake and lactate production, thus promoting CC progres-
sion [48,49]. Upregulation of GLUTs is a common feature
of cancer cells to meet their high energy demand [50]. In
our study, we observed that OPN3 knockdown decreased
GLUT! levels, suppressing aerobic glycolysis, and conse-
quently, CC cell proliferation.

Additionally, glycolysis generates metabolic interme-
diates and precursors that enter various biosynthetic path-
ways, including the PPP, to generate amino acids and
nucleic acids required for synthesizing biological macro-
molecules and organelles, such as lactic acid and NADPH,
necessary for cell proliferation [51]. The rate of metabolic
intermediates fluxing into PPP is regulated by G6PD [23],
and products generated during this process enhance the an-
tioxidant capacity of cells, conferring resistance to RT [52].
However, in our study, we observed that OPN3 knockdown
decreased G6PD levels, as well as levels of lactic acid and
NADPH, conversely sensitized CC cells to RT.

Our study demonstrates that OPN3 knockdown ra-
diosensitizes CC Hela cells by suppressing G6PD-
meditaed glucose metabolism, DNA repair, lactic acid and
NADPH production, while increasing oxidative stress and
DNA damage, all of which have been previously associ-
ated with CC radioresistance. However, further validation
of these findings is warranted using additional CC cell lines,
and animal studies are critical for future clinical applica-
tions.

Conclusion

The findings of this study highlight the role of OPN3
knockdown in radiosensitizing HeLa cells and overcoming
radioresistance. By promoting the autophagic degradation
of G6PD and exacerbating oxidative stress, OPN3 knock-
down enhances the radiosensitivity of HeLa cells. These
findings contribute to a deeper understanding of CC cell
radioresistance mechanisms and underscore the potential
of OPN3 knockdown as an effective therapeutic strategy
for enhancing the radiosensitivity of CC cells. Ultimately,
these findings may hold promise for improving the effi-
ciency of clinical radiotherapy in the treatment of CC.
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