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Abstract
Hepatocellular carcinoma (HCC) ranks among the most lethal malignancies around the world. However, the 
current management strategies for predicting prognosis in HCC patients remain unreliable. Our study developed 
a robust prognostic model based on glutamine metabolism associated-genes (GMAGs), utilizing data from The 
Cancer Genome Atlas database. The prognostic values of model were validated through the databases of the 
Gene Expression Omnibus and International Cancer Genome Consortium via Kaplan‒Meier curves and receiver 
operating characteristic (ROC). The potential biological pathways associated with prognostic risk were investigated 
through different enrichment analysis, and Gene variation analysis. The correlation between prognostic model 
and therapeutic responses were analyzed. Quantitative real-time PCR (qRT-PCR) and cellular experiments were 
measured to analyze the GMAGs. Consequently, a prognostic model was constructed of 4 GMAGs (RRM1, RRM2, 
G6PD, and GPX7) through least absolute shrinkage and selection operator (LASSO) regression analysis. The Kaplan‒
Meier curves and ROC curves showed a reliable predictive capacity of prognosis for HCC patients (p < 0.05). The 
enrichment analyses revealed a multitude of biological pathways that are significantly associated with cancer. 
Patients with high prognostic risk might be sensitive to immunotherapy (p < 0.05). The results of qRT-PCR revealed 
that all 4 GMAGs exhibited significantly higher expression levels in HCC samples compared to normal samples 
(p < 0.05). Moreover, the knockdown of RRM1 suppresses the progression of HCC cells. In this study, we developed 
a robust prognostic model for predicting the prognosis of HCC patients based on GMAGs, and identified RRM1 as a 
potential therapeutic target for HCC.
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Introduction
Globally, hepatocellular carcinoma (HCC) ranks sixth in 
prevalence and third in tumor-related mortality [1]. At 
present, radical surgical resection, targeted therapy, liver 
transplantation represent the optimal therapeutic modal-
ities for liver cancer [2, 3]. Due to the lack of early-stage 
symptoms and signs, approximately 60% of liver cancer 
patients are diagnosed at an intermediate or advanced 
stage, thereby missing the window for early surgical 
intervention [4, 5]. Hence, it is imperative to identify 
novel therapeutic targets and enhance prognostic man-
agement strategies.

Although glutamine is not an essential amino acid, 
it assumes a conditionally essential status when cata-
bolic stress occurs, such as after surgery and trauma, the 
demand for glutamine in the gastrointestinal tract, kid-
neys, and immune system increases dramatically [6, 7]. 
In addition, a close relationship exists between glutamine 
and tumor malignant progression [8]. Due to the rapid 
proliferation of tumor cells, glutamine is used as a fuel 
for energy supply of tumor cells and an important pre-
cursor for synthesis of nucleotides, proteins and gluta-
thione (GSH) [9]. As a result, the synthesis of glutamine 
cannot meet the needs of tumor proliferation, and gluta-
mine is transformed into a conditional essential amino 
acid [10]. Rapidly proliferating tumor cells have a greater 
demand for glutamine. The involvement of glutamine in 
the progression of liver cancer has been extensively dem-
onstrated [11–13], highlighting its potential as a prog-
nostic indicator and therapeutic target for this disease. 
Therefore, targeting each step of glutamine metabolism 
is pivotal in identifying drug targets and developing anti-
tumor medications.

The present study utilized the ICGC and TCGA data-
bases to identify four glutamine metabolism-associated 
genes (GMAGs). In the following, we examined the cor-
relation between clinical characteristics and the expres-
sion levels of these genes. Furthermore, a prognostic 
nomogram was constructed based on these genes, some 
cellular experiments about RRM1 genes were executed to 
illustrated the oncogenic roles of RRM1 in HCC, indicat-
ing that RRM1 represents a promising therapeutic target 
for HCC.

Materials and methods
Data sources and samples collection
A cohort comprising HCC samples and paracancer-
ous samples from 374 patients, along with correspond-
ing clinical information and FPKM data of mRNA, was 
obtained from TCGA-LIHC dataset in The Cancer 
Genome Atlas (TCGA) database  (   h t  t p s  : / / p  o r  t a l . g d c . c 
a n c e r . g o v /     ) [14]. Besides, the clinical and mRNA data 
of another cohort contained data of 243 HCC samples 
and 202 paracancerous samples from the International 

Cancer Genome Consortium (ICGC) database  (   h t  t p s  : / / 
d  c c  . i c g c . o r g / p r o j e c t s / L I R I - J P     ) [15]. Another data of  v a l i 
d a t i o n cohort that contained 225 HCC samples and 220 
normal liver samples were acquired from the GSE14520 
dataset in Gene Expression Omnibus (GEO) database 
(https:/ /www.nc bi.nlm. nih. gov/geo) [16]. All raw data 
from TGCA, ICGC, and GEO databases were collated 
to matrixes by Perl language (https://www.perl.org). 50 
glutamine metabolism-associated genes (GMAGs) were 
obtained from the Human Gene Set (GOBP_Gluta-
mine_Metabolic_Process) in the Gene Set Enrichment 
Analysis (GSEA) online database  (   h t t p s : / / w w w . g s e a - m s i 
g d b . o r g /     /gsea/msigdb/human/geneset/GOBP_GLUTA-
MINE_METABOLIC_PROCESS.html). Data of thera-
peutic responses to sorafenib and transhepatic arterial 
chemotherapy and embolization (TACE) were down-
loaded from GSE109211 and GSE104580 datasets. Data 
about immune landscape and genomic mutations were 
also gained from TCGA database. Clinical samples of 
HCC patients were acquired from Dalian medical univer-
sity, the Department of hepatobiliary surgery, Shandong 
Public Health Clinical Center, and the Department of 
hepatobiliary surgery, Siyang Hospital. All experiments 
based on clinical sampled were approved by the Ethics 
Committee of Dalian medical university. Before the sur-
gery, each patient had signed the informed consent for 
this study.

Establishing the prognostic model based on GMAGs
At first, we identified the differentially expressed glu-
tamine metabolism associated-genes (DEGMAGs) 
between para-tumor and tumor samples by mRNA data 
from TCGA database via “limma” package through R 
4.3.1 software (https://www.r-project.org/) (|log2FC > 1| 
and p < 0.05). In order to identify prognostic DEGMAGs, 
we utilized the univariate Cox regression analysis based 
on the “survminer” and “survival” packages. The “sur-
vival” and “glmnet” packages were performed to achieve 
LASSO (least absolute shrinkage and selection opera-
tor) regression analysis. Through choosing the optimal 
penalty parameter λ value associated with the mini-
mum 10-fold cross validation, 4 GMAGs were identified 
to build prognostic model after the LASSO regression 
analysis. The formula of the prognostic model is that: 
risk score=∑ (expression of gene i * coefficient gene i). 
According to the expression of 4 GMAGs, each HCC 
patients might have their own risk score based on this 
prognostic model. In this formula, corresponding coeffi-
cient of 4 GMAGs were showed in Table 1.

Validating the predictive capacity of a prognostic model
All patients were divided into different groups based 
on the median value of their risk scores. According to 
the clinical prognostic data from TCGA database, the 

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://dcc.icgc.org/projects/LIRI-JP
https://dcc.icgc.org/projects/LIRI-JP
https://www.ncbi.nlm.nih.gov/geo
https://www.perl.org
https://www.gsea-msigdb.org/
https://www.gsea-msigdb.org/
https://www.r-project.org/
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receiver operating characteristic (ROC) curves, the scat-
terplots, and Kaplan‒Meier (K‒M) curves were plotted 
by the “survminer”, “survival”, and “pheatmap” packages 
to assess the prognostic predictive value of this prognos-
tic model. The prognostic survival curves of 4 GMAGs 
were plotted through Gene Expression Profiling Inter-
active Analysis (GEPIA) website  (   h t  t p :  / / g e  p i  a . c a n c e r - p 
k u . c n / i n d e x . h t m l     ) . Besides, the Cox regression analyses 
including age, gender, grade, TNM stage were also per-
formed to validate the prognostic value of riskscore.

Patients from GSE14520 dataset and ICGC database 
were also divided into different groups according to the 
median value of riskscores. The scatterplots, K‒M curves, 
and ROC curves were also plotted to further illustrate the 
potential prognostic value of this prognostic model.

Analyzing the correlation between the clinical features and 
prognostic model
Stratified analyses of clinicopathological features were 
used to divide HCC patients into different risk groups in 
order to further explore the prognostic value of prognos-
tic models. The “limma” package was employed to com-
pare the risk scores among patients exhibiting diverse 
clinical features. Additionally, the K-M curves were also 
plotted to further explore the value of prognostic model 
under the stratified analyzes.

Biological functions enrichment analyzes
To investigate the possible biological signaling pathways 
and functions associated with this prognostic model, 
“limma” package were utilize to acquire the differentially 
expressed genes (DEGs) between HCC samples with dif-
ferent prognostic risks. Enrichment analyses based on the 
DAVID website (http:// david.a bcc.nci fcrf .gov/) were  c o 
n d u c t e d for Kyoto Encyclopedia of Genes and Genomes 
(KEGG) and Gene Ontology (GO). In addition, enrich-
ment analyses of GSVA (Gene Set Variation Analysis) 
and GSEA were also performed by “limma”, “GSEABase”, 
“GSVA” packages to find potential biological signaling 
pathways and functions.

Establishing a prognostic nomogram
A nomogram based on the prognostic model was estab-
lished via the data of TCGA-LIHC dataset via “Formula”, 
“foreign”, “lattice”, “Hmisc”, “rms”, and “ggplot2” packages. 
The corresponding calibration plots and ROC curves 
were plotted to validate the reliability of this nomogram. 

In addition, the Cox regression analyses were also used to 
further the prognostic value of the nomogram.

Assessing the therapeutic responses via prognostic model
To investigate the association between prognostic model 
and therapeutic responses of HCC patients. Data from 
GSE104580 and GSE109211 were analyzed to assess the 
therapeutic responses to TACE (Transhepatic Arterial 
Chemotherapy and Embolization) and sorafenib, respec-
tively. The Tumor Immune Dysfunction and Exclusion 
(TIDE) scores were analyzed to compare the immuno-
therapeutic responses. Patients with higher TIDE scores 
usually have worse immunotherapeutic responses. 
Besides, the expression of PDCD1, LAG3, CTLA4, and 
HAVCR2 in TCGA-LIHC dataset were also analyze to 
compare the immunotherapeutic responses of patients 
with different prognostic risks. As we all know, patients 
with high expression of these immune checkpoint genes 
might be more sensitive to immunotherapy.

Furthermore, the association between the prognostic 
model and commonly used chemotherapeutic agents for 
tumors was assessed using the “oncoPredict” package in 
R software.

Quantitative real-time PCR (qRT-PCR)
Total RNA of tissues was isolated by the Trizol reagent 
(Yeasen, Shanghai, China). Reverse transcription was 
performed to acquire cDNA by using a HiScript II Q 
Select RT SuperMix for qPCR (Vazyme, Nanjing, China). 
Besides, qRT-PCR was performed by ChamQ SYBR 
qPCR Master Mix reagent (Yeasen, Shanghai, China). 
The 2^-△CT was used to quantify the gene expression.

Western blot (WB)
Proteins of cells were isolated by radioimmunoprecipi-
tation assay lysis buffer (Yeasen, Shanghai, China) with 
1µM PMSF. The lysates were centrifuged at 13,000  g 
for 20  min. Samples were added to SDS-PAGE loading 
buffer. After electrophoresis, the proteins were trans-
ferred to a PVDF membrane. Then, the membranes 
were blocked with 5% nonfat milk powder in Tris-buff-
ered saline-Tween (TBST) for an hour. The membranes 
were incubated with primary antibody (β-actin, Pro-
teintech, 1:20000; RRM1, Proteintech, 1:1000) at 4  °C. 
After 12 h, the membranes were incubated with second 
antibodies for an hour. Finally, the images of WB were 
acquired by adding the ECL and operating the ChemiDoc 
XRS + imager.

Cell cultures and transfection
Huh7 and Hep3B cell lines were gained from Shang-
hai Cell Bank, Chinese Academy of Sciences (Shanghai, 
China). Cells were cultured in Dulbecco’s modifed Eagle’s 
medium (DMEM, Gibco, USA) that contained penicillin 

Table 1 The coefficients of 4 GMAGs in the prognostic model
Gene Coef
G6PD 0.273363187072334
GPX7 0.00469397166791365
RRM1 0.111586612139908
RRM2 0.0482527705709431

http://gepia.cancer-pku.cn/index.html
http://gepia.cancer-pku.cn/index.html
http://david.abcc.ncifcrf.gov/
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(100 IU/ml), streptomycin (100  µg/ml), and 10% fetal 
bovine serum. All cells were cultured in a humidified 
atmosphere at 37 °C containing 5% CO2.

The small interfering RNA (siRNA) in this study were 
acquired from RiboBio company (Guangzhou, China). 
According to the specification, all siRNAs were trans-
fected into cells by the lipofectamine 2000 (Vazyme, 
Nanjing, China).

Cell proliferative assays
Using an Edu (5-ethynyl-20-deoxyuridine) assay kit (Bey-
otime, Shanghai, China), we evaluated the proliferation 
of Huh7 cells using the EdU incorporation assay. Huh7 
cells were seeded in 6-well-plates at 4 × 105 cells/well for 
18 h. 10 µM EdU reagent was added to 6 wells and incu-
bated for 4 h at 37 °C. All figures were gained by using a 
fluorescence microscope (LEICA, Germany). Finally, the 
rates of Edu positive cells were calculated.

Cell-Counting-Kit-8 (CCK8) was also used to assess 
cell proliferation. HCC cells transfected with siRNA were 
seeded in 96-well-plate at 4 × 103 cells/well. 10 µM CCK8 
reagent was added to each well and incubated for an hour 
at 37 °C. The OD value of each well at 450 nm were mea-
sured by a microplate reader.

Cell migration and invasion assays
A 24-well plate with or without matrigel was seeded with 
cells transfected with siRNA or negative control vector 
for comparing their migration and invasion capabilities. 
5 × 104 cells were seeded in the upper Transwell chambers 
without serum. 650 µl DMEM medium with double con-
centration of serum were added into the 24-well plate. 
The cells were fixed to the lower chambers by methanol 
for 30 min. Finally, these fixed cells were dyed by crystal 
violet solution for 20 min. Images were photographed by 
microscopes.

Additionally, the wound healing assay was also 
employed to evaluate the migrative ability of cells. 
Enough cells were incubated in 6-well plate. Scratches 
were created by a 200  µl pipette tips. Images were 
acquired by microscopes from 0 h to 48 h.

Statistical analysis
R 4.3.1 software was used for all statistical analyses and 
plotting figures in this study. The results of variation 
analysis were analyzed via t test. P < 0.05 was deemed to 
be statistically significant. *p value < 0.05; **p value < 0.01; 
***p value < 0.001.

Results
Construction of the prognostic model by GMAGs
According to the analysis of DEGs, 12 GMAGs were 
identified (Fig.  1A-B). The result of univariate Cox 
regression analysis indicated that 7 GMAGs might have 

independent prognostic values (p < 0.05) (Fig. 1C). After 
performing the LASSO regression analysis, the cho-
sen log (λ) value is -3.4, which was choosed by the point 
of minimum error in the cross validation (Fig.  1D). In 
Fig. 1E, according to the chosen log (λ) value, coefficients 
of 4 GMAGs were identified through the Y axis of the 
intersection of 4 curves and the chosen log (λ) value. 4 
GMAGs and corresponding coefficient were screened 
and they consisted of the prognostic model (Fig.  1D-E; 
Table 1).

Verification of the prognostic model
After dividing HCC patients into low-risk group and 
high-risk group, the heatmap was showed to exhibit the 
expression of 4 GMAGs (Fig.  2A). In the scatter plot, 
patients with higher riskscores might have higher mor-
tality (Fig. 2B-C). The K-M curves showed that patients 
in the high-expression group have worse OS (overall 
survival) (p < 0.05) and PFS (progression free survival) 
(p = 0.01) rates (Fig. 2D-E). The AUC value of ROC curve 
to predict 1 year’ OS was 0.761 (Fig. 2F). The results of 
Cox regression analyses showed an independent prog-
nostic predictive capacity of the risk score (Hazard 
ratio > 1, p < 0.001) (Fig.  2G-H). Survival curves showed 
that patients with high expression of 4 GMAGs might 
have worse prognosis (p < 0.05) (Fig. S1).

In the analyses of data from ICGC and GSE14520 data-
sets, patients were ranked via the value of their risk score, 
half of HCC patients whose risk score were bigger than 
the median of risk scores were divided into high-risk 
group. Other patients were divided into low-risk groups. 
the scatter plots (Fig.  3A-D) and K-M curves (Fig.  3E-
F) also showed a prognostic predictive value of prog-
nostic model. In these results, patients with high-risk 
scores showed lower survival times and overall survival 
rates(p < 0.05).

Enrichment analyses correlated with prognostic model
According to the DEGs between HCC patients in dif-
ferent risk groups, potential biological function was 
explored. The GSVA analysis was showed in Fig.  4A. 
The results included some metabolic pathways such as 
fatty acid metabolism, retinol metabolism, and pyru-
vate metabolism, which hinted that the DEGs might 
play essential roles in metabolism. GO and KEGG anal-
yses were plotted in Fig. 4B. These results showed some 
immune functions included leukocyte mediated immu-
nity, immunoglobulin complex, and antigen binding, 
which reminded that patients with different risk scores 
might have different immune states. Besides, the results 
of GSEA analyses about up-regulated and down-regu-
lated DEGs exhibited similar biological pathways with 
the results of GSVA analysis (Fig. 4C-D).
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Establishment and validation of prognostic nomogram
A prognostic nomogram based on clinical features 
and a prognostic model was developed and showed in 
Fig.  5A. The corresponding calibration plot showed 
a strong prognostic predictive capacity of nomogram 
(Fig. 5B). The ROC curve of the nomogram also showed 
a wonderful prognostic predictive ability of nomogram 
(AUC = 0.752) (Fig. 5C). The prognostic predictive value 
of nomogram was further illustrated by the Cox regres-
sion analyses between the nomogram and some clinical 
features (age, gender, grade, stage, T, M, and N) (Hazard 
ratio > 1, p < 0.01) (Fig. 5D-E).

Assessment of HCC patients’ therapeutic responses via 
prognostic model
After dividing HCC patients into different risk groups in 
GSE104580 and GSE109211 datasets, the risk score of 
patients were exhibited (Fig. 6A-D). Patients with higher 
risk scores have lower ratio of therapeutic responses 
and patients who have therapeutic responses used to 
have lower risk scores. These results hinted that patients 
with high prognostic risks might be more insensitive to 
TACE and sorafenib therapy. Patients with high prog-
nostic risks universally had lower TIDE scores (p < 0.05), 
which meant that these patients might be more sensitive 
to immunotherapy (Fig.  6E). Furthermore, 4 common 
immune checkpoint genes were more highly expressed in 
the high-risk group than in the low-risk group, indicating 

Fig. 1 Construction of the prognostic model. (A-B) The heatmap and volcano map to show 12 DEGMAGs in TCGA database. (C) The result of univariate 
Cox regression analysis to identify 7 DEARGs with prognostic values. (D-E) LASSO regression analysis to identify 4 DEARGs that consisted of the prognostic 
model
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a potential heightened response to immunotherapy 
(Fig. 6F).

The therapeutic responses to common chemothera-
peutics between patients with different prognostic risks 
were evaluated via calculating the IC50 value. The most 
remarkable 8 chemotherapeutics were listed in Fig.S2 
(p < 0.05).

Evaluating the expression of 4 GMAGs in HCC tissues
To assess the differential mRNA expression of GMAGs 
in HCC, we performed qRT-PCR on 15 paired samples 
of HCC tissues and their corresponding paracancer-
ous tissues. As shown in Fig.  7, the expression levels of 

all four GMAGs were significantly elevated in HCC tis-
sues compared to adjacent non-tumor tissues (RRM1, 
1.5-fold, p < 0.05; RRM2, 1.5-fold, p < 0.001; G6PD, 2-fold, 
p < 0.001; GPX7, 2-fold, p < 0.05), suggesting their poten-
tial as valuable biomarkers for HCC diagnosis and prog-
nosis. Furthermore, their overexpression highlights their 
possible roles as therapeutic targets for modulating gluta-
mine metabolism in HCC.

RRM1 regulate the progression of HCC in vitro
In 4 GMAGs, the biological functions of RRM1 in HCC 
had not been explored. We knocked down the expres-
sion of RRM1 in Huh7 and Hep3B cells by siRNA. The 

Fig. 2 Validation of the prognostic model via TCGA database. (A) The heatmap to show the expression of 4 DEARGs in patients with different prognostic 
risks. (B-C) The scatter plots to show the survival condition of HCC patients. (D) K-M curves to showed the OS rates of patients with different prognostic 
risks. (E) K-M curves to showed the PFS rates of patients with different prognostic risks. (G-H) The results of univariate and multivariate Cox regression 
analyses to show an independent prognostic value of the risk score
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levels of knockdown were demonstrated through qRT-
PCR (Fig. 8A) and WB (Fig. 8B). The results showed that 
siRNA3 was the most effective sequence to knock down 
the expression of RRM1 in Huh7 and Hep3B cells.

The results of CCK8 assay illustrated that the knock-
down of RRM1 could effectively inhibit the proliferation 
of Huh7 and Hep3B cells (p < 0.05) (Fig.  8C). Addition-
ally, the Edu assay was also used to compare the prolif-
erative capacities of Huh7 and Hep3B cells. It was also 
demonstrated that the knockdown of RRM1 reduced 
the Edu positive rates of Huh7 and Hep3B cells (p < 0.05) 
(Fig. 8D), which hinted a lower proliferative level of cells 
with low RRM1 expression. These results illustrated that 
the knockdown of RRM1 might inhibit the proliferation 
of HCC.

In addition, the invasion and migration of Huh7 and 
Hep3B cells could also be regulated by the expression of 
RRM1. The results of transwell demonstrated that lower 
expression of RRM1 could significantly inhibit the inva-
sive and migrative capacities of Huh7 and Hep3B cells 
(p < 0.05) (Fig.  8E). Furthermore, the wound healing 
assay also showed that lower expression of RRM1 could 
slow down the migrative ability of Huh7 and Hep3B cells 
(p < 0.05) (Fig. 8F).

Discussion
HCC has become a worldwide healthy problem because 
of the high morbidity. High glutamine metabolic rate 
has been demonstrated to be a typical feature of HCC 
[12, 17, 18]. GMAGs has been illustrated to play pivotal 
roles in HCC development. Many studies illustrated 
that GMAGs might have diagnostic values and could be 
a possible therapeutic target [19–21]. Thus, it might be 
a possible method to investigate the potential values of 
GLAS for better diagnosis or treatment of HCC patients.

In this research, we established a prognostic model 
according to GMAGs and prognostic data sourced from 
the TCGA database. At first, we acquired 12 GMAGs 
from GSEA database and identified 4 GMAGS with 
prognostic values to establish the prognostic model. The 
prognostic predictive power of this model was demon-
strated via K-M curves and ROC curves based on data 
from TCGA, ICGC, and GEO databases. The enrichment 
analyses were conducted to investigate potential biologi-
cal pathways associated with GMAGs. Plenty of biologi-
cal pathways correlated with cancer such as PPAR or P53 
signaling pathway were exhibited in the results, which 
meant that these GMAGs might play crucial roles in can-
cers. A prognostic nomogram based on this prognostic 

Fig. 3 Validation of the prognostic model by ICGC and GSE14520 datasets. (A, C) The scatter plots to show the survival condition of HCC patients by ICGC 
database. (B, D) The scatter plots to show the survival condition of HCC patients by GSE14520 dataset. (E) K-M curves to showed the OS rates of patients 
with different prognostic risks in ICGC database. (F) K-M curves to showed the OS rates of patients with different prognostic risks in GSE14520 dataset
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model were established and corresponding prognostic 
predictive capacity was verified through ROC curves and 
regression analyses. According to the prognostic nomo-
gram, the 3 - year survival rate of HCC patients could be 
predicted accurately. Besides, we found that this prog-
nostic model could also distinguish patients with dif-
ferent therapeutic responses of Sorafenib, TACE, and 
immunotherapy according to the risk score of patients. 
Moreover, we explored the potential effective chemo-
therapeutic drugs of patients with high prognostic risks, 
which might provide a new method for therapeutic 
choice of HCC patients.

4 GMAGs (RRM1, RRM2, G6PD, and GPX7) with 
independent prognostic value were identified to establish 
our prognostic model. Some genes have been demon-
strated to play essential roles in carcinogenesis or devel-
opment of malignancies. Wang et al. [22] have found that 
the knockdown of RRM1 or G6PD could inhibit the pro-
liferation of Hep3B cell line. RRM2 was demonstrated 

to decrease intracellular reactive oxygen species (ROS) 
levels and inhibit ferroptosis in HCC [23, 24]. One study 
found that down-regulation of RRM2 could suppress pro-
liferation, invasion, and metastasis of HCC cells [25]. In 
another study, to target the RRM2 could inhibit the DNA 
damage response and improve apoptosis in atypical tera-
toid rhabdoid tumor [26]. Besides, RRM2 was illustrated 
to stabilize the expression of ANXA1 to regulate pros-
tate cancer progression and chemoresistance [27]. RRM1 
and RRM2 had been illustrated to play complex roles in 
glutamine metabolism [28, 29]. G6PD is an important 
enzyme in the procedure of glycometabolism and tricar-
boxylic acid cycle. The lack of G6PD could lead to anemia 
or favism [30]. It has been demonstrated that suppress-
ing the expression of G6PD could inhibit the growth 
of HCC [31]. G6PD was demonstrated to be correlated 
with glutamine metabolism. For instance, in melanoma 
cells, inhibition of G6PD could promote oxidative stress 
and glutaminolysis [32]. GPX7 is a kind of glutathione 

Fig. 4 Enrichment analyses associated with the prognostic model. (A) GSVA analysis. (B) GO and KEGG analyses. (C-D) GSEA analyses
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Fig. 5 Establishment of the prognostic nomogram. (A) The prognostic nomogram to predict HCC patients’ prognosis based on the prognostic model. (B) 
The corresponding calibration plot to show a strong prognostic predictive capacity of nomogram. (C) The multifactorial ROC curves to show the prog-
nostic predictive value of this nomogram. (D-E) The results of univariate and multivariate Cox regression analyses to show an independent prognostic 
value of the nomogram
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Fig. 6 Assessment of the ability to predict therapeutic responses. (A-B) The results to show different responses to TACE between patients with different 
prognostic risks. (C-D) The results to show different responses to sorafenib between patients with different prognostic risks. (E) The result to show the TIDE 
scores of patients with different prognostic risks. (F) The expression of 4 common immune checkpoint genes between patients with different prognostic 
risks
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peroxidase, which might be correlated with oxidative 
stress and interact with GSH [33]. Guerriero et al. [34] 
have found that the expression of GPX7 in HCC sam-
ples was higher than in cirrhosis tissues, which hinted a 
potential oncogenic role of GPX7 in HCC. Additionally, 
GPX7 could also improve the proliferation and inhibit 

the apoptosis of human papillary thyroid carcinoma [35]. 
The expression level of 4 genes in HCC samples were 
investigated via qRT-PCR, and the results showed that all 
4 genes have a higher expression in HCC samples than 
in normal samples. All these researches revealed that our 
prognostic model might be closely related with HCC.

Fig. 7 The results of qRT-PCR to show the expression levels of 4 DEARGs in clinical samples from HCC patients. (A) RRM1. (B) G6PD. (C) RRM2. (D) GPX7
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Fig. 8 The suppression of RRM1 inhibit HCC proliferation, invasion, and migration in vitro. (A) Efficiency of RRM1 siRNA transfection in Huh7 and Hep3B 
cell lines were demonstrated by qRT-PCR. (B) Efficiency of RRM1 siRNA transfection in Huh7 and Hep3B cell lines were demonstrated by WB. (C) CCK8 
assay was utilized to explore the effect of RRM1 on cellular proliferation. (D) Edu assay demonstrated the inhibition of RRM1 could suppress the prolifera-
tion. (E) Transwell assays illustrated the reduction of RRM1 inhibit invasion and migration. (F) Wound healing assay was used to evaluate the association 
between RRM1 and cellular migration
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In this research, we investigated the function of gene 
RRM1 and choose HCC cell lines to explore the onco-
genic role of RRM1 in vitro. All results showed that 
the knockdown of RRM1 could suppress the prolifera-
tion, invasion, and migration of Huh7 and Hep3B cells. 
According to our results, RRM1 might be a potential 
target for HCC treatment in the future. However, there 
are some shortcomings in our study. Due to the lack of 
data in large samples, we could not validate the prognos-
tic capacity of prognostic model more precisely. Besides, 
more experiments about glutamine metabolism could be 
execute to explore the mechanism of these genes in HCC, 
which might indicate new direction for the diagnosis or 
treatment of HCC.
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