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Abstract

Background: Glucose-6-phosphate dehydrogenase (G6PD) has been implicated in tumor progression. This study investigated the bio-
logical role of G6PD in the malignant progression of hepatocellular carcinoma (HCC) and explored the underlying molecular mechanisms.
Methods: RNA-sequencing data and corresponding clinical data for patients with HCC were obtained from The Cancer Genome Atlas
(TCGA). Independent validation datasets were obtained from Gene Expression Omnibus (GEO). We performed bioinformatics analyses
to assess the expression of G6PD in HCC, as well as its relationship with clinical features and prognostic outcomes. Immunohistochem-
istry and western blotting were used to validate G6PD expression in human HCC tissues and cell lines. Stable G6PD-overexpressing
and knockdown cell lines were established using lentiviral transduction. Functional assays were performed using G6PD-overexpressing
and G6PD-knockdown cell lines to evaluate cell proliferation, cell cycle progression, apoptosis, mitochondrial function, and oxidative
stress. Western blotting was conducted to assess the protein levels of key regulators of cell cycle progression, apoptosis, and the MAPK
pathway. Finally, a BALB/c nude mouse xenograft model was used to evaluate the in vivo effects of G6PD on tumor growth. Results:
G6PD was significantly overexpressed in HCC tissues and was significantly associated with histological grade (p < 0.001), T stage (p
=0.039), vascular invasion (p = 0.002), and pathological stage (p = 0.031). Patients with high G6PD expression exhibited significantly
shorter overall, disease-specific, and progression-free survival. Multivariate analysis identified high G6PD expression as an independent
predictor of mortality in patients with HCC. G6PD knockdown significantly inhibited HCCLM3 cell proliferation and induced G0/G1
cell-cycle arrest, accompanied by the downregulation of cyclin-dependent kinase 4 (CDK4), cyclin-dependent kinase 6 (CDK6), and
cyclin D1 protein levels. In addition, G6PD silencing triggered mitochondrial apoptosis, including decreased mitochondrial membrane
potential, BCL-2-associated X protein (BAX) and cysteine-aspartic acid protease-3 (caspase-3) upregulation, B-cell lymphoma 2 (BCL-
2) downregulation, elevated reactive oxygen species (ROS) levels, and suppressed MEK 1/2 and ERK1/2 phosphorylation. /n vivo, GG6PD
knockdown significantly reduced xenograft tumor size and weight and decreased Ki67 and proliferating cell nuclear antigen (PCNA)
expression. Conclusions: G6PD is an independent prognostic biomarker in HCC and promotes disease progression through pleiotropic
mechanisms, including modulation of the MAPK/ERK pathway, promotion of cell proliferation, and suppression of mitochondrial apop-
tosis. These findings suggest that G6PD and its downstream signaling pathways may be promising therapeutic targets for HCC.
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1. Introduction ological features. These traits continue to constrain long-

term patient survival, and overall outcomes have seen lit-

Hepatocellular carcinoma, the most prevalent histo-
logical subtype of primary liver cancer, is one of the lead-
ing causes of cancer-related mortality worldwide and poses
a major public health challenge [1]. The International
Agency for Research on Cancer estimated approximately
865,000 new cases and 758,000 deaths from liver can-
cer in 2022, ranking hepatocellular carcinoma (HCC) third
among all malignancies in terms of mortality [2,3]. Despite
advances in surgical resection, liver transplantation, local
ablation, and multitargeted systemic therapies, the 5-year
overall survival rate for HCC remains <20%, since a con-
siderable number of patients are diagnosed at intermediate
or advanced stages [4]. Moreover, HCC is characterized
by pronounced molecular heterogeneity and aggressive bi-

tle improvement. Meanwhile, emerging technologies such
as single-cell sequencing, spatial transcriptomics, and inte-
grated multi-omics approaches have deepened our insight
into the molecular mechanisms that drive HCC pathogene-
sis [5,6]. Consequently, identifying reliable biomarkers and
actionable therapeutic targets remains a critical priority for
improving the diagnosis and treatment of HCC. Among the
biological processes that contribute to HCC progression,
dysregulated cell cycle control is a fundamental mechanism
underlying uncontrolled tumor growth.

Cell cycle progression is tightly regulated by check-
point mechanisms, including the G1/S, S, and G2/M check-
points. Dysregulation of these pathways is a hallmark of
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malignant transformation. Cell cycle progression is co-
ordinated by core cell cycle proteins, cyclins, and cyclin-
dependent kinases (CDKs), whose expression and activity
vary throughout the cell cycle [7]. Cyclin D1 forms com-
plexes with cyclin-dependent kinase 4 (CDK4) and CDK6
to regulate G1/S transition, and aberrant activation of the
Cyclin D-CDK4/6-Rb pathway has been implicated in nu-
merous malignancies, including breast, pancreatic, ovarian,
and thyroid cancers [8,9,10]. Because cell cycle dysregu-
lation is a key driver of malignant tumor cell proliferation,
a deeper understanding of the underlying regulatory mech-
anisms may facilitate the identification of novel therapeu-
tic targets to inhibit tumor growth. Among the metabolic
pathways implicated in tumor growth, the pentose phos-
phate pathway (PPP) has emerged as an important regulator
of cellular proliferation, redox homeostasis, and therapeutic
resistance.

The PPP is an alternative route of glucose metabolism
that provides essential substrates for biosynthesis and con-
tributes to cellular antioxidant defenses [11]. Glucose-
6-phosphate dehydrogenase (G6PD) is a major rate-
controlling enzyme of the PPP. Located in the cytoplasm
of blood cells, G6PD helps protect cells against oxidative
damage. PPP provides NADPH to maintain glutathione
in its reduced form, enhances antioxidant capacity, and
promotes cell proliferation [12]. Increasing evidence in-
dicates that G6PD is overexpressed in multiple malignan-
cies, including melanoma, leukemia, colorectal cancer, and
lung cancer, where it contributes to tumor progression [13].
Moreover, modulation of G6PD activity influences ther-
apeutic resistance in several cancers, including ovarian,
breast, and colorectal cancers, highlighting its potential as
a therapeutic target [14,15,16,17]. Increased G6PD activ-
ity is associated with liver cancer metastasis, and elevated
G6PD expression has been shown to promote HCC cell mi-
gration and invasion by inducing epithelial-mesenchymal
transition (EMT) [18]. Furthermore, G6PD upregulation
enhances PPP flux, resulting in substantial NADPH produc-
tion, which reduces intracellular reactive oxygen species
(ROS) levels and lipid peroxidation to suppress ferroptosis,
ultimately leading to resistance to systemic treatments such
as sorafenib [19]. However, the role of G6PD in regulating
the biological functions of HCC is still not fully understood.

The present study evaluated the clinical significance
of G6PD in HCC and investigated its regulatory role and un-
derlying mechanisms in tumor cell proliferation, cell cycle
progression, and apoptosis. In addition, this study explored
the underlying molecular mechanisms, with particular em-
phasis on MAPK/ERK signaling, to assess the potential of
GO6PD as a prognostic biomarker in HCC.

2. Materials and Methods
2.1 Materials and Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM) was
purchased from Viva Cell (C3103, Shanghai, China). Fe-

tal bovine serum (FBS) was obtained from ExCell Bio
(FSP500, Suzhou, Jiangsu, China). Trypsin-EDTA di-
gestion solution (T1320) and puromycin (P8230) were
purchased from Solarbio (Beijing, China). The Rabbit
Two-Step Detection Kit (PV-9001) and DAB Chromogen
Kit (ZLI9018) were obtained from ZSGB-BIO (Beijing,
China).

Cell proliferation, cell cycle, apoptosis, mitochondrial
membrane potential, and ROS analyses were performed
using the Cell Counting Kit-8 (CCK-8) Kit (B34304,
Biomake, Houston, TX, USA), BeyoClick™ EdU-555 Cell
Proliferation Kit (C0075S, Beyotime, Shanghai, China),
Cell Cycle Assay Kit (C1052, Beyotime), Apoptosis Assay
Kit (C1062S, Beyotime), Mitochondrial Membrane Poten-
tial Assay Kit (C2006, Beyotime), and Reactive Oxygen
Species Assay Kit (S0033M, Beyotime), respectively.

RNA extraction and quantitative PCR were performed
using the MolarPure Cell/Tissue Total RNA Kit (19221ES,
Yeasen Biotechnology, Shanghai, China), PrimeScript™
RT Master Mix (RR036A, Takara Bio, Kusatsu, Shiga,
Japan), and TB Green® Premix Ex Taq™ (Tli RNaseH
Plus) (RR820A, Takara Bio). Protein extraction and quan-
tification were performed using the Total Protein Extrac-
tion Kit (KGB5303, KeyGEN BioTECH, Nanjing, Jiangsu,
China) and BCA Protein Assay Kit (KGB2101, KeyGEN
BioTECH). Protein electrophoresis was performed using
the PAGE Gel Fast Preparation Kit (PG110, YaZen, Shang-
hai, China).

The primary antibodies used in this study were as fol-
lows: rabbit anti-G6PD (ab210702, Abcam, Cambridge,
UK; 1:1000), rabbit anti-BCL-2 (ab182858, Abcam,;
1:2000), rabbit anti-BAX (ab182733, Abcam; 1:2000),
rabbit anti-Caspase-3 (ab32351, Abcam; 1:5000), rab-
bit anti-CDK4 (ab108357, Abcam; 1:5000), rabbit anti-
CDK6 (ab222395, Abcam; 1:5000), rabbit anti-Cyclin D1
(ab16663, Abcam; 1:200), rabbit anti-p-MEK1/2 (9154,
Cell Signaling Technology, Danvers, MA, USA; 1:1000),
rabbit anti-MEK1/2 (9122, Cell Signaling Technology;
1:1000), rabbit anti-p-ERK1/2 (AF1015, Affinity Bio-
sciences, Changzhou, Jiangsu, China; 1:1000), rabbit
anti-ERK1/2 (11257-1-AP, Proteintech, Wuhan, Hubei,
China; 1:2000), and rabbit anti-B-actin (ab213262, Abcam;
1:10,000).

2.2 The Cancer Genome Atlas (TCGA) Database

RNA-sequencing data and corresponding clinico-
pathological information for patients with HCC were ob-
tained from the TCGA Liver Hepatocellular Carcinoma
(TCGA-LIHC) database (https://www.cancer.gov/tcga/).
Expression data were log,-transformed before analysis. We
used R (version 4.2.1, The R Foundation for Statistical
Computing, Vienna, Austria) with the stats and car pack-
ages to compare G6PD expression levels between HCC and
normal liver samples, as well as between matched tumor
and adjacent non-tumor tissues. The results were plotted
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with the ggplot2 package. Receiver operating characteris-
tic (ROC) analysis was performed using the pROC package.
Survival analyses and Cox regression were performed using
the survival and survminer packages, respectively. Prog-
nostic nomograms were constructed and visualized using
the rms package.

2.3 Gene Expression Omnibus (GEO) Database

We retrieved the GSE39791 and GSE62232 datasets
from the GEO repository (https://www.ncbi.nlm.nih.gov/g
eo/) via the GEOquery package. GSE39791 includes 72 tu-
mor and 72 normal samples, whereas GSE62232 contains
81 tumor and 11 normal samples. Differential G6PD ex-
pression between tumor and normal tissues was analyzed
using the limma package with unpaired two-tailed Student’s
t-tests. Data are presented as mean + standard error of the
mean (SEM), and the threshold for statistical significance
was set at p < 0.05. Data were visualized with the aid of

ggplot2.

2.4 TIMER2.0 Database

G6PD expression levels in multiple tumor types were
analyzed using TIMER2.0 (http://timer.cistrome.org/).

2.5 Immunohistochemistry

Paraffin-embedded sections were prepared from
mouse xenograft tumors, human HCC, and paired adjacent
noncancerous tissues. Sections were deparaffinized, rehy-
drated sequentially with xylene and ethanol, and blocked
with goat serum for 1 hour at room temperature. The sec-
tions were then incubated overnight at 4 °C with primary an-
tibodies against G6PD, proliferation Marker Ki67 (Ki67),
and proliferating cell nuclear antigen (PCNA). After wash-
ing, sections were incubated with enhanced enzyme-labeled
goat anti-rabbit immunoglobulin G (IgG) polymer for 1
hour at room temperature. The sections were then washed
three times with phosphate-buffered saline (PBS), followed
by incubation with 3,3’-diaminobenzidine (DAB) chro-
mogen solution for 3—5 minutes. Finally, sections were
counterstained with hematoxylin, dehydrated, mounted,
and photographed. The collection and use of human tis-
sues were approved by the Ethics Committee of the Gen-
eral Hospital of Ningxia Medical University (Approval No.
KYLL-2022-0412), and written informed consent was ob-
tained from all participating patients.

2.6 Cell Culture

Human HCC lines HCCLM3, MHCC97L,
MHCC97H, Hep3B, and Huh-7, as well as LO-2 cells,
were obtained from the Liver Disease Research Institute,
Affiliated Hospital of Fudan University, Shanghai. All
cells were cultured in high-gluicose DMEM medium
supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin, and maintained at 37 °C with 5%

CO,. All cell lines used in the experiments were vali-
&% IMR Press

dated by STR profiling, and mycoplasma contamination
test results were negative. Cells were passaged when
they reached 80-90% confluence. All experiments were
performed using cells at passages 5—15 to ensure stable
phenotypes and consistent experimental outcomes.

2.7 Lentiviral Transduction

HCCLM3 cells were inoculated into six-well plates.
They were then incubated at 37 °C in an atmosphere of
5% CO,. We performed lentiviral transduction once the
cells attained 30-50% confluence. The lentiviral solution
was thawed on ice before being gently pipetted into the
mix. An appropriate volume of viral stock was added to
six-well plates according to the multiplicity of infection
(MOI) value. We aspirated the virus-laden supernatant at 12
hours post-transduction and supplied fresh medium to the
cells. To obtain stable transductants from each group, we
applied puromycin selection at a concentration of 2 pg/mL.
All lentiviruses used in this study were designed and con-
structed by Beijing Tsingke Biotechnology Co., Ltd.

2.8 5-Ethynyl-2"-Deoxyuridine (EdU) Assay

Cell proliferation was assessed using a BeyoClick
EdU-555 Cell Proliferation Kit. HCCLM3 cells were cul-
tured in 24-well plates for 24 hours. Cells were then incu-
bated with the prepared EdU working solution at 37 °C for
2 hours. We then treated the cells with 4% paraformalde-
hyde for 15 minutes to achieve fixation, followed by perme-
abilization using 0.3% Triton X-100 for 10 minutes. Click
reaction solution was then added, and the cells were in-
cubated in the dark for 30 minutes, followed by Hoechst
33342 staining in the dark for 5 minutes. Finally, images
were captured using an inverted fluorescence microscope.

2.9 Cell Counting Kit-8 (CCK-8) Cell Proliferation Assay

Stably transfected HCCLM3 cells in log-growth phase
were digested with trypsin and seeded into 96-well plates at
adensity of 2000 cells/well. After allowing 12 hours for cell
attachment, 110 pL of CCK-8 detection solution (prepared
by mixing 10 pL of CCK-8 reagent with 100 uL of complete
culture medium) was added to each well. After incubation
at 37 °C for 1 hour, the plates were read at 450 nm on a
microplate reader to collect the measurement. Subsequent
measurements were performed at 24, 48, 72, and 96 hours.

2.10 Colony Formation Assay

Stably transfected HCCLM3 cells in log-growth phase
were digested with trypsin. We stopped the digestion by
adding complete culture medium, then gently pipetted the
cells to create a uniform cell suspension. We then seeded
the cells into 6-well plates (1000 cells/well) and maintained
them at 37 °C in a 5% CO; incubator for a period of two
weeks. The cells were rinsed with PBS in three cycles and
subsequently incubated with 4% paraformaldehyde for 20
minutes for fixation. After three additional PBS rinses, the
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colonies were incubated with crystal violet for 15 minutes.
The surplus stain was then eliminated by washing with wa-
ter. Finally, images were captured.

2.11 Reverse Transcription-Quantitative Polymerase
Chain Reaction (RT-qPCR)

Total RNA was extracted from cells using the Mo-
larPure Cell/Tissue Total RNA Kit, and the concentration
was measured. Reverse transcription was performed us-
ing Takara PrimeScript™ RT Master Mix, followed by RT-
gPCR on a Thermo Fisher Scientific PCR system. All
primers were designed and synthesized by Beijing Tsingke
Biotechnology Co., Ltd. (Beijing, China).

Listed below are the primer sequences (Table 1):

Table 1. Primer sequences for G6PD and GAPDH.

Gene Primer Sequence (5'- 3')

G6PD Forward CGAGGCCGTCACCAAGAAC
Reverse GTAGTGGTCGATGCGGTAGA

GAPDH Forward GGCAAATTCCATGGCACCGTCAAGG

Reverse GCCAGCATCGCCCCACTTGATTTTG

G6PD,
Glyceraldehyde-3-phosphate dehydrogenase.

Glucose-6-phosphate  dehydrogenase; GAPDH,

The reaction conditions are as follows (Table 2):

Table 2. Thermal cycling conditions for RT-qPCR.

Steps Temperature Time Cycle

Initial denaturation 95 °C 30sec 1
. 95 °C 5 sec

PCR reaction 40
60 °C 34 sec
. .. 95 °C 15 sec

Dissociation . 1
65 °C 1 min

2.12 Western Blotting

Culture dishes with >80% cell confluence were lysed
in Lysis Buffer supplemented with protease and phos-
phatase inhibitors to extract the total protein. The protein
concentration was determined using a BCA assay kit, and
a standard curve was generated. Samples containing 15
pg of protein per well were prepared for loading. Pro-
tein samples were run on 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and then
electroblotted onto polyvinylidene fluoride (PVDF) mem-
branes (pre-activated in methanol). Blocking was done with
5% non-fat milk for 2 hours. The membranes were subse-
quently probed with primary antibodies (target proteins and
B-actin) overnight (14 hours) at 4 °C under gentle shaking.
Following this, HRP-linked secondary antibodies were in-
cubated with the membranes for 2 hours at RT. Finally, im-
munoreactive bands were exposed using a chemilumines-
cent detection kit.

2.13 Gene Set Enrichment Analysis (GSEA)

We stratified patients from the TCGA-LIHC cohort
into high and low G6PD expressers according to the me-
dian value. For enrichment evaluation, GSEA was then em-
ployed to evaluate enrichment.

2.14 Flow cytometry

Cells in good growth conditions from each group were
selected and analyzed using the Beyotime Apoptosis Assay
Kit. Following the wash step, we added 100 pL of bind-
ing buffer (1x) to each sample, followed by gentle pipet-
ting to obtain a homogeneous single-cell suspension. Sub-
sequently, 5 uL. of Annexin V-FITC and 5 pL of propidium
iodide (PI) staining solution were added to each sample, and
the mixtures were gently pipetted to ensure thorough mix-
ing. The samples were then incubated in the dark for 10
minutes to allow sufficient staining. After the incubation
period, 400 pL of binding buffer (1x) was applied to each
specimen and mixed well. All specimens were examined
on the flow cytometer within 1 hour. For flow cytometric
analysis, debris and cell aggregates were excluded based on
forward scatter (FSC) and side scatter (SSC) properties. A
minimum of 10,000 events per sample were acquired. Cells
were gated on the FSC-A/SSC-A population, and Annexin
V-FITC and PI fluorescence were measured using appropri-
ate fluorescence detectors.

Cell cycle distribution was analyzed using the Bey-
otime Cell Cycle Assay Kit. Cells were harvested, fixed
in ice-cold 70% ethanol at 4 °C for at least 2 hours, and
then stained with propidium iodide (PI) staining solution
(containing PI and RNase A) at 37 °C for 30 minutes in
the dark. For flow cytometric analysis, debris and cell ag-
gregates were excluded based on forward scatter (FSC) and
side scatter (SSC) properties. Doublets were discriminated
using PI-A versus PI-W gating. A minimum of 10,000
single-cell events per sample were acquired. DNA content
was measured using a flow cytometer at an excitation wave-
length of 488 nm.

2.15 Mitochondrial Membrane Potential Assay

Cells were treated according to the experimental
grouping and seeded in six-well plates (5 x 103 cells/well).
Following the addition of 0.5 mL 5,5°,6,6’-tetrachloro-
1,1°,3,3’-tetracthylbenzimi-dazolylcarbocyanine ~ iodide
(JC-1) working solution per well, the cells were incubated
for 30 minutes at 37 °C. The plate was then centrifuged
at 2000 rpm for 3 minutes, after which the supernatant
was discarded and the cell pellets were re-suspended
in JC-1 buffer. Fluorescent images were taken under a
fluorescence microscope.

2.16 In Vivo Animal Model

A total of 20 male BALB/c nude mice (7 weeks old)
were acquired from Jiangsu Huachuang Sino Pharmaceu-
tical Technology Co., Ltd. The animals were kept in SPF
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conditions with a 12-hour light/dark cycle at 25-27 °C and
had free access to chow and water in the Laboratory Animal
Center of Ningxia Medical University. For the experiment,
they were randomized into four groups (5 mice/group). The
sample size was selected to account for potential tumor for-
mation failure or unexpected death during the experiment.

Four groups of HCCLM3 cells (control, G6PD-
overexpression, shControl, and shG6PD) were cultured
separately, and each mouse was subcutaneously inoculated
with the corresponding HCCLM3 cells (5 x 10° cells per
mouse) into the right forelimb. After four weeks, all mice
developed measurable tumors. Subsequently, the animals
were euthanized by 100% CO, inhalation, followed by cer-
vical dislocation, and tumors were excised for photographic
documentation, weighing, and immunohistochemical anal-
ysis.

The animal studies were conducted in accordance with
Animal Research: Reporting of /n Vivo Experiments (AR-
RIVE) guidelines. Cell inoculation, tumor measurement,
and euthanasia were performed within the same time win-
dow (9:00-11:00). To reduce measurement errors, the mea-
surements of tumor size and weight were conducted by a
researcher who was unaware of the grouping situation. The
inclusion criterion was survival after inoculation, without
severe infection or ulcers. Exclusion criteria included fail-
ure of tumor formation, animal death, or severe cachexia.

2.17 Statistical Analysis

All statistical analyses were performed using R ver-
sion4.2.1. For normally distributed quantitative data, com-
parisons between two groups were performed using un-
paired or paired #-tests. Chi-square and Fisher’s exact tests
were used to analyze correlations between G6PD expres-
sion and clinicopathological characteristics. Survival anal-
ysis was conducted using the Kaplan—-Meier method with
the log-rank test. Receiver operating characteristic (ROC)
curves were employed to evaluate the clinical utility of
GO6PD as a diagnostic marker. Survival predictors were
identified through Cox proportional hazards regression. A
nomogram for predicting patient prognosis was constructed
based on G6PD expression levels, and its calibration and
predictive performance were evaluated using calibration
curves. p < 0.05 was considered statistically significant.

3. Results
3.1 G6PD is Upregulated in HCC

Pan-cancer analysis using the TIMER2.0 database re-
vealed that G6PD was significantly upregulated in multi-
ple tumor types, including liver hepatocellular carcinoma
(LIHC), lung adenocarcinoma (LUAD), lung squamous cell
carcinoma (LUSC), breast invasive carcinoma (BRCA),
pancreatic adenocarcinoma (PAAD), colorectal adenocar-
cinoma (COAD and READ), and stomach adenocarci-
noma (STAD), whereas lower expression was observed in
selected malignancies, including acute myeloid leukemia
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(LAML), testicular germ cell tumors (TGCT), thyroid car-
cinoma (THCA), and uterine corpus endometrial carcinoma
(UCEC) (Fig. 1A).

Analyses of the TCGA and GEO databases revealed
elevated G6PD expression in HCC tissues compared with
normal liver tissues, a difference that was statistically sig-
nificant (Fig. 1B-E). ROC curve analysis indicated good
diagnostic efficacy of G6PD in HCC, with an AUC of 0.949
(Fig. 1F). Validation of the findings from public database
analyses and immunohistochemistry showed significantly
higher G6PD expression in HCC tissues than in the adjacent
noncancerous tissues (Fig. 1G). Additionally, Western blot
analysis further confirmed higher G6PD expression levels
in HCC tissues than in normal liver tissues (Fig. 1H), con-
sistent with the results of the database analyses.

3.2 Abnormal Upregulation of G6PD is Associated With
Poor Prognosis in HCC

Analysis of the correlations between G6PD expres-
sion and clinical features of HCC from TCGA datasets re-
vealed significant correlations between G6PD expression
levels and histologic grade (» < 0.001), T stage (p = 0.039),
vascular invasion (p = 0.002), alpha-fetoprotein (AFP) lev-
els (p = 0.002), and pathologic stage (p = 0.031) (Fig. 2A).

Kaplan—Meier survival curve analysis of the relation-
ship between G6PD and the prognosis of patients with HCC
in the TCGA database showed shorter overall, disease-
specific, and progression-free survival in patients with high
G6PD expression than those with low expression (Fig. 2B).

Univariate analysis preliminarily identified four sig-
nificant risk factors—T stage, pathologic stage, tumor sta-
tus, and high G6PD expression—all of which were associ-
ated with poor prognosis (Fig. 2C). In multivariate analy-
sis, after controlling for confounders, both tumor status and
elevated G6PD levels emerged as independent predictors
of poor outcome (hazard ratio [HR] >1, p < 0.004). No-
tably, high G6PD expression itself was significantly asso-
ciated with increased mortality risk in the HCC cohort (Fig.
2D).

Analysis of the goodness-of-fit and predictive perfor-
mance of a nomogram incorporating G6PD expression to-
gether with multiple clinical variables to estimate 1-, 3-, and
5-year survival prognosis risk scores in HCC cases demon-
strated good predictive capability (Fig. 2E,F).

3.3 G6PD Promotes HCC Cell Proliferation

G6PD expression was significantly higher in
MHCC97L, MHCC97H, and HCCLM3 HCC cell lines
compared with LO-2 cells (Fig. 3A,B). Because HCCLM3
cells exhibited the highest endogenous expression, they
were selected for subsequent gain- and loss-of-function
studies. Successful overexpression and knockdown of
G6PD were confirmed before functional analyses (Fig.
3C,D).
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Fig. 1. Expression of G6PD in hepatocellular carcinoma. (A) Expression levels of G6PD across various TCGA cancer types analyzed
using the TIMER 2.0 database. (B—E) Differential expression of G6PD between HCC tissues and normal liver tissues based on TCGA
and GEO datasets. (F) ROC curve of G6PD expression for distinguishing HCC from non-cancerous tissues in TCGA. (G) Immunohis-
tochemical detection of G6PD protein levels in paired adjacent non-cancerous and HCC tissues. Scale bar: 200 pm (main images) and
50 um (insets). (H) Western blot analysis of G6PD expression in adjacent non-cancerous liver tissues and HCC tissues (n =4 per group).

*p <0.05; **p < 0.01; ***p < 0.001; ns, not significant. G6PD, glucose-6-phosphate dehydrogenase; TCGA, the Cancer Genome Atlas
program; GEO, the Gene Expression Omnibus; HCC, hepatocellular carcinoma; ROC, receiver operating characteristic.
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GSEA to explore the relationship between G6PD
and HCC cell proliferation demonstrated suppression of
proliferation-related pathways in tumors with low G6PD
expression (Fig. 3E). Consistent with this finding, G6PD
overexpression significantly enhanced colony formation
and proliferative activity, whereas G6PD knockdown
markedly inhibited both processes (Fig. 3F-H), further
confirming that G6PD is a key hub in malignant prolifer-
ation.

3.4 G6PD Inhibition Induces Mitochondrial Apoptosis in
HCC Cells

GSEA to investigate the relationship between G6PD
and apoptosis revealed an association between high G6PD
expression and enrichment of apoptosis-related pathways,
whereas low G6PD expression was associated with sup-
pression of these pathways (Fig. 4A). Because mitochon-
drial apoptosis is a major mechanism regulating tumor cell
survival and progression [20], we next examined the effects
of G6PD on mitochondrial apoptotic signaling.

Mitochondrial membrane potential analysis demon-
strated that G6PD overexpression maintained mitochon-
drial membrane integrity, whereas G6PD knockdown sig-
nificantly increased mitochondrial depolarization, as indi-
cated by a shift from JC-1 aggregates to JC-1 monomers
(Fig. 4B). Consistent with these findings, flow cytomet-
ric analysis revealed a significantly higher apoptotic rate
in G6PD-knockdown cells and a lower apoptotic rate in
Go6PD-overexpressing cells compared with their respective
controls (Fig. 4C).

Western blot assays confirmed that silencing G6PD
elevated pro-apoptotic BAX and Caspase-3, but G6PD
knockdown reduced anti-apoptotic BCL-2, when compared
with controls. G6PD overexpression produced the oppo-
site effects (Fig. 4D). Together, these findings suggest that
G6PD promotes HCC cell survival, at least in part, through
suppression of mitochondria-mediated apoptosis.

3.5 GO6PD Inhibition Induces Cell Cycle Arrest

GSEA to further elucidate the mechanism by which
G6PD affects HCC cell proliferation revealed significant
enrichment of high G6PD expression with cell cycle-related
pathways, including mitotic G1 phase, G1/S transition ac-
tivation, and regulation of G1-to-S phase progression (Fig.
5A).

Analysis of cell cycle distribution by flow cytometry
to validate these findings showed a significantly increased
proportion of HCC cells in the GO/G1 phase and a signifi-
cantly decreased proportion of cells in the S phase following
G6PD knockdown. No significant difference was observed
in the proportion of cells in G2/M phase. In contrast, G6PD
overexpression reduced the proportion of cells in the G0/G1
phase and increased the proportion of cells in the S phase
(Fig. 5B). These data pointed to a key function of G6PD in
governing the G1/S transition.
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Cyclin D1 and CDK4/6 are key regulators of G1/S
phase transition, and dysregulation of this pathway has been
implicated in multiple malignancies [21,22]. Western blot-
ting of cell cycle regulatory proteins to further examine
the molecular basis of the observed cell cycle changes re-
vealed that G6PD knockdown decreased CDK4, CDKaS6,
and Cyclin D1 expression, whereas G6PD overexpression
promoted CDK4, CDK6, and Cyclin D1 expression (Fig.
50).

Collectively, these results indicate that G6PD pro-
motes HCC cell proliferation, at least in part, by facilitating
G1/S cell cycle progression.

3.6 G6PD Inhibition Promotes Oxidative Stress and
Suppresses MAPK Signaling

Evaluation of intracellular ROS levels in HCC cells
following G6PD modulation revealed significantly in-
creased ROS signal in the shG6PD group and significantly
decreased levels in the G6PD-overexpressing group com-
pared with their respective controls (Fig. 6A), indicating
that G6PD negatively regulates intracellular ROS levels in
HCC cells.

Because G6PD contributes to cellular redox home-
ostasis through NADPH and ROS can regulate the MAPK
pathway [23,24,25], we examined the expression of key
molecules in the MAPK/ERK signaling pathway. West-
ern blot analysis showed that G6PD knockdown inhibited
MEK1/2 and ERK1/2 phosphorylation, whereas the oppo-
site was observed for G6PD overexpression (Fig. 6B).

Collectively, these findings suggest that G6PD mod-
ulates ROS levels inside cells and correlates with MAPK
pathway activation.

3.7 G6PD Promotes Tumor Growth In Vivo

Xenograft tumor experiments to investigate the effect
of G6PD on HCC in vivo showed significantly reduced tu-
mor size and weight in the shG6PD group compared with
the control group, whereas the opposite results were ob-
served in the overexpression group (Fig. 7A). Moreover,
tumor sections from the shG6PD group demonstrated de-
creased Ki67 and PCNA expression (Fig. 7B).

These results suggest that G6PD plays an important
and multifaceted role in HCC development.

4. Discussion

HCC remains a major global health challenge, with
rising incidence despite advances in diagnosis and treat-
ment. Increasing evidence indicates that metabolic repro-
gramming is a hallmark of HCC progression, yet the con-
tribution of specific metabolic enzymes to tumor growth
and survival remains incompletely understood [26,27,28].
G6PD, the rate-limiting enzyme of the PPP, has emerged
as an important regulator of cellular metabolism, redox
homeostasis, and stress responses [13,29]. Analysis of the
TCGA and GEO databases, together with immunohisto-
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chemical validation, demonstrated significantly increased
G6PD expression in HCC tissue. ROC analysis further in-
dicated good diagnostic performance (AUC = 0.949). Pre-
vious studies have shown that G6PD promotes EMT to en-
hance tumor cell migration and invasion and accelerate dis-
ease progression [18,30]. In addition, G6PD contributes to

&% IMR Press

HCC development through ferroptosis inhibition and regu-
lation of lipid metabolism [31]. Our findings further expand
the evidence supporting a multifaceted oncogenic role for
G6PD in HCC.

Analysis of clinicopathological characteristics
demonstrated that high G6PD expression was significantly
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associated with histological grade, T stage, vascular
invasion, AFP level, and pathological stage. Furthermore,
G6PD remained an independent prognostic risk factor for
HCC, consistent with previous studies that incorporated
HCC into prognostic nomograms [32,33]. The G6PD-
based nomogram developed in the present study showed
good calibration and predictive performance, suggesting
potential utility as a quantitative tool for individualized
risk stratification. Previous studies have attempted to build
models using G6PD with machine learning algorithms and
have achieved good performance [34,35]. However, this
model requires external validation in independent cohorts
to help fully evaluate its generalizability and clinical
reliability.

To better understand the biological basis underly-
ing these clinical associations, we investigated the func-
tional role of G6PD in HCC progression using in vitro and
in vivo experimental models. G6PD knockdown signifi-
cantly suppressed HCC cell colony formation and prolifer-
ation, whereas G6PD overexpression enhanced these phe-
notypes. GSEA identified significant enrichment of cell
cycle-related pathways in tumors with high G6PD expres-
sion, indicating that G6PD is involved in regulating the cell
cycle. Consistent with this observation, G6PD knockdown

progression.
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induced GO/G1 arrest and reduced the expression of CDK4,
CDKa®6, and Cyclin D1, whereas G6PD overexpression pro-
moted S phase entry. These findings suggest that G6PD
facilitates HCC cell proliferation, at least in part, through
promotion of G1/S cell cycle progression. Similar obser-
vations have been reported with herbal compounds such as
EZW, which suppress HCC cell cycle progression by tar-
geting genes, including CDK1, CDK4, and G6PD [36,37].

In addition to its effects on proliferation, G6PD in-
fluenced apoptosis-related pathways.
led to mitochondrial depolarization, upregulation of pro-
apoptotic BAX and Caspase-3, downregulation of anti-
apoptotic BCL-2, and a consequent rise in apoptosis.
This indicates that G6PD inhibition triggers mitochondria-
dependent apoptosis. Similar mechanisms have been re-
ported in other studies that induce apoptosis in HCC
[38,39,40,41]. Collectively, these findings support the role
of G6PD as a key driver of cell proliferation and cell cycle

G6PD inhibition

The tumor-promoting effects of G6PD were fur-
ther supported by xenograft experiments. G6PD knock-
down significantly reduced tumor volume and weight, and
suppressed Ki-67 and proliferating cell nuclear antigen
(PCNA) expression. These results are consistent with pre-

&% IMR Press


https://www.imrpress.com

o
-
N
w
S
o
o
~
©

9 10 M

12 13 1« 1.5

4-
6@9 J= _ kkk KKk
2 % s
ped 1
& 3 5 E
& ] S
4 freer ' = >
St St
> EIE £ £
Q\@ = =
& 6w = =
B
Q7 :
& T
& B -
o) :

ASA
&
Gy 9 98, O

K .jE_

b S
o TS

Fig. 7. The effect of G6PD on the proliferation of liver cancer in vivo. (A) Representative images of xenografted tumors and quanti-

tative analysis of tumor volume and tumor weight from nude mice. Statistical significance was determined by one-way ANOVA. Data
are presented as mean + SD (n =5 per group). (B) Immunohistochemical staining of Ki67 and PCNA in tumor sections from each group,
scale bar: 200 pm (main images) and 50 pm (insets). ***p < 0.001; Ki67, proliferation Marker Ki67; PCNA, proliferating cell nuclear

antigen.

vious reports describing a pro-tumorigenic role for G6PD in
multiple cancer types [31,42,43]. The agreement between
cell-based and animal experiment findings strengthens the
evidence that G6PD contributes to HCC growth and sup-
ports its potential value as a therapeutic target.

A central function of G6PD is the maintenance of cel-
lular redox homeostasis through the generation of NADPH
via the PPP. This may be the basis for its protective effects
on mitochondrial function and inhibition of intrinsic apop-
tosis and ferroptosis triggered by excessive ROS accumu-
lation [19]. Our results confirmed that G6PD knockdown
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in HCC cells significantly increased intracellular ROS lev-
els. In contrast, G6PD overexpression reduced ROS ac-
cumulation. These findings are consistent with the well-
established antioxidant role of G6PD as a major source
of NADPH. NADPH is essential for glutathione regener-
ation and ROS elimination [44,45]. When G6PD function
is impaired, NADPH supply becomes insufficient, leading
to a redox imbalance [30,46]. Therefore, the regulation
of ROS levels by G6PD further indicates that G6PD pro-
motes the malignant phenotype of HCC by maintaining re-
dox homeostasis. Abnormal MAPK pathway activation has
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been linked to worse outcomes, higher proliferative activ-
ity, and greater metastatic capacity across different cancers,
as reported in numerous studies [47,48]. Thus, the ability
of G6PD to maintain redox homeostasis may represent an
important mechanism through which it promotes the malig-
nant phenotype of HCC.

G6PD regulates the phosphorylation of MEK1/2 and
ERK1/2 by modulating ROS levels, thereby modulating
MAPK/ERK signaling activity. ROS can act as secondary
messengers that influence signaling cascades, and G6PD-
mediated redox homeostasis may contribute to this regula-
tion [40]. This signaling pathway serves as a major reg-
ulator of cell growth and survival. The regulation of this
pathway by G6PD is consistent with the observation that
metabolic enzymes promote tumor growth by affecting sig-
nal transduction. For example, G6PD inhibitors suppress
cancer cell proliferation by inducing ROS accumulation and
cell cycle arrest [30,49].

In summary, our findings identify G6PD as a clinically
relevant biomarker and functional driver of HCC progres-
sion. By linking metabolic reprogramming, redox home-
ostasis, cell cycle regulation, apoptosis, and MAPK/ERK
signaling, this study offers further understanding of the
molecular events driving HCC and highlights G6PD as a
potential therapeutic target.

5. Limitations

This study has certain limitations that deserve recogni-
tion. First, the mechanistic investigations focused primar-
ily on a single candidate gene, G6PD. Integrating transcrip-
tomic, proteomic, and metabolomic data in subsequent re-
search could yield a more complete picture of the metabolic
rewiring driven by G6PD and the associated signaling cas-
cades, as well as identify key upstream and downstream
regulators and potential feedback mechanisms.

Second, the functional studies in vitro were performed
using a single cell line, HCCLM3. This line originates from
a highly metastatic HCC model and exhibits robust pro-
liferation and metabolism, supporting its use for prelimi-
nary mechanistic exploration [50]. Nevertheless, we recog-
nize that results from one cell line may not capture the full
molecular diversity of HCC. Future work should verify our
observations across other cell lines and in patient-derived
tumor models.

Finally, the prognostic model developed in this study
was based primarily on publicly available datasets and re-
quires external validation in independent patient cohorts.
We need multicenter investigations that include larger,
more varied cohorts to assess the general applicability and
clinical dependability of our findings. In addition, its di-
agnostic and prognostic utility in clinical settings warrants
further evaluation through prospective studies.
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6. Conclusion

In summary, our findings indicate that G6PD is
markedly upregulated in HCC and correlates with ad-
verse clinicopathological features and worse survival out-
comes. Mechanistically, G6PD facilitates proliferation and
antagonizes mitochondrial apoptosis via ROS-mediated
MAPK/ERK signaling. G6PD knockdown inhibited tumor
growth in vivo. Collectively, these results point to G6PD as
a promising candidate for targeted HCC therapy. However,
further validation in clinical settings is required.
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