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Abstract: Background: Glucose 6 phosphatase dehydrogenase (G6PD) is a key regulator of the pentose phosphate 
pathway (PPP). However, the exact role of G6PD in gastrointestinal cancers remains unclear. The purpose of this 
study is to explore the correlation of G6PD with clinical features, pathological stages, diagnosis and prognosis of 
gastrointestinal cancers, as well as uncover possible mechanisms of G6PD on mutations, immunity and signal-
ing pathways. Methods: G6PD mRNA expression data were downloaded from TCGA and GEO databases. Protein 
expression was examined by the HPA database. The correlation of G6PD expression with clinical and pathological 
characteristics was explored. The pROC package in R language was used to evaluate the diagnostic value of G6PD 
expression in gastrointestinal cancers. We accessed the correlation of disease-free survival (DFS) with G6PD online 
by Kaplan-Meier plotter. Univariate Cox regression and stepwise multiple Cox regression analysis were performed to 
determine the association between G6PD and patient’s overall survival. In addition, genomic alterations, mutation 
profiles, immune infiltration, drug sensitivity and enrichment analysis related with G6PD were visualized. Results: 
After a pan-cancerous genomic analysis, we found that G6PD expression was the highest in African American 
esophageal carcinoma (ESCA) patients (P<0.05). G6PD was correlated with age, weight, disease stage, lymph node 
metastasis and pathological grade. Notably, G6PD showed an excellent predictive diagnosis ability for liver hepato-
cellular carcinoma (LIHC) (AUC=0.949, 95% CI=0.925-0.973, P<0.001). G6PD can improve the DFS of esophageal 
adenocarcinoma (EAC) and pancreatic adenocarcinoma (PAAD) patients (P<0.05). Both Univariate Cox regression 
and stepwise multiple Cox regression analysis in R language determined that G6PD expression was closely related 
with LIHC (P<0.001). G6PD was found to have a high mutation rate in colon adenocarcinoma and ESCA and gene 
amplification in ESCA, Cholangiocarcinoma, PAAD and LIHC. Copy number of G6PD was missing in LIHC. G6PD was 
also related to mutation of TP53 (P<0.05). Particularly, it was positively correlated with CD276 in all gastrointesti-
nal cancers and negatively with HERV-H LTR-associating 2 in ESCA and stomach adenocarcinoma. The abnormal 
expression of G6PD was related to the increase of CD4+ Th2 subsets and the decrease of CD4+ (non-regulatory) of 
T cells. G6PD was sensitive to FK866, Phenformin, AICAR etc., while resistant to RO-3306, CGP-082996, TGX221 
etc. G6PD was found to closely interact with TALDO1, GAPDH and TP53. G6PD related biological processes included 
aging, nutritional response and daunorubicin metabolism, and related pathways included PPP, cytochrome P450 
metabolism of exogenous substances and glutathione metabolism. Conclusion: G6PD is highly expressed in gas-
trointestinal cancers. It is a carcinogenic indicator related to prognosis and can be used as a potential diagnostic 
marker of gastrointestinal cancers, so as to provide new strategy for cancer treatment.
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Introduction

In recent years, the incidence and mortality of 
cancers have been rising, and cancers have 
become the main cause of human death [1]. 
Gastrointestinal cancers include esophageal 
carcinoma (ESCA), stomach adenocarcinoma 
(STAD), liver hepatocellular carcinoma (LIHC), 
colon adenocarcinoma (COAD), cholangiocarci-

noma (CHOL), rectum adenocarcinoma (READ) 
and pancreatic adenocarcinoma (PAAD). Accor- 
ding to cancer statistics: In 2023, 1,958,310 
new cancer cases and 609,820 cancer deaths 
are projected to occur in the United States, and 
gastrointestinal cancer will be an obvious cause 
of these deaths [2]. Among these subtypes, 
COAD is the most deadly, PAAD rankes second, 
followed by ESCA, LIHC and STAD. At present, 
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surgical treatment is still the main treatment 
for gastrointestinal cancers, but the overall 
success rate is still low [3]. Therefore, it’s 
urgent to clarify the molecular pathogenesis 
mechanism of gastrointestinal cancers and 
find biomarkers for early diagnosis and treat-
ment [4].

The Human Genome Project obtained complete 
human genome information in 2003 with 2.85 
billion nucleotides, while the number of protein 
coding genes were only around 25,000 [5]. 
Next generation sequencing is an accurate 
genome sequencing tool [6]. Genomics proj-
ects such as the Cancer Genome Atlas (TCGA) 
and Gene Expression Omnibus (GEO) provide 
not only molecular expression data, but also 
clinical data, allowing researchers to analyze 
the impact of a single gene or multiple genes 
on cancer prognosis.

Glucose 6 phosphatase dehydrogenase (G6PD) 
is an important rate limiting enzyme of the pen-
tose phosphate pathway (PPP) [7, 8]. G6PD is 
located in the cytoplasm of red blood cells and 
prevents oxidative damage [9]. PPP can pro-
duce nicotinamide adenine dinucleotide phos-
phate (NADPH) and ribose 5-phosphate, which 
play a major role in cell synthesis, such as help-
ing fatty acid synthesis [10, 11]. PPP can also 
reduce glutathione, enhance antioxidant ca- 
pacity and contribute to cell proliferation [12]. 
However, patients with G6PD deficiency suffer 
from a variety of diseases, including infection, 
neonatal jaundice, drug hemolysis, erythrocytic 
hemolytic anemia, etc. [13, 14].

It has been reported that the expression of 
G6PD in cancer cells is higher than that in nor-
mal cells, and G6PD is closely related to the 
overall survival rate of patients [12, 15]. P53 
has been proved to be related to tumor forma-
tion, and can bind to G6PD to block the forma-
tion of active dimers. Relevant reports have 
also shown that p53 mutation inhibited G6PD 
activity [16]. The increase of G6PD promoted 
the proliferation of various types of cancers, 
including STAD [17], LIHC [18, 19], glioma [20], 
COAD [21] and ESCA [22].

At present, systematic studies on G6PD in gas-
trointestinal cancers are still needed to provide 
a comprehensive understanding of gastrointes-
tinal cancers. So we conducted a variety of bio-
informatics analyses, such as evaluation of dif-

ferentially expressed mRNA (DEMs), Kaplan-
Meier (KM) maps and gene set enrichment 
analysis (GSEA) to explore the effect and mech-
anism of G6PD in gastrointestinal cancers.

Materials and methods

Data acquisition and processing

As a milestone cancer genomics project, TCGA 
has performed molecular characterization on 
more than 20,000 primary cancers and nor- 
mal tissues corresponding to 33 cancers [23, 
24]. We downloaded RNA seq data and clini- 
cal data of TCGA from the Genomic Data 
Commons Data Portal (https://portal.gdc.can-
cer.gov/) and datasets from GEO database 
(https://www.ncbi.nlm.nih.gov/gds) as data 
supplement.

Analysis of G6PD expression profiles

To examine the mRNA expression of G6PD in 
human normal cells, we analyzed various non-
tumor tissues and single cell types based on 
the BioGPS database. Then, we studied G6PD 
mRNA expression in gastrointestinal carcino-
mas. The transcription level of G6PD in differ-
ent cancers was analyzed using the “Gene_DE” 
module in the TIMER2.0 database. In the 
“Single Gene Analysis” module of GEPIA2, we 
performed DEMs analysis of non-tumor and 
tumor samples and evaluated the pathological 
staging. The threshold values were set at a P 
cut-off value of 0.05 and a log2FC cut-off value 
of 1, with the option “Match TCGA normal value 
and GTEx data” selected. Log2 (TPM+1) data 
were used for logarithmic scaling. Protein 
expression of G6PD in gastrointestinal cancers 
were examined using HPA database (https://
www.proteinatlas.org/). All statistical signifi-
cance was set at P<0.05.

G6PD expression with clinical features in gas-
trointestinal cancers

UALCAN (The University of ALabama at Bir- 
mingham CANCER data analysis Portal) (http://
ualcan.path.uab.edu/) was used for data pro-
cessing and visualization online. We investigat-
ed data in the database of UALCAN to evaluate 
the correlation between the G6PD level and  
the clinical features of gastrointestinal cancers 
(race, sex, age and weight).
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G6PD expression with pathological character-
istic of gastrointestinal cancers 

To define the relationship between G6PD level 
and pathological characteristics of gastrointes-
tinal cancers, we analyzed the data in the 
UALCAN database and evaluated the correla-
tion of G6PD level with stage, grade, N, cancer 
histological subtypes, and cancer histology. 
The correlation between G6PD level and stage 
of gastrointestinal cancers was verified in 
TISDB database.

Diagnostic performance of G6PD in gastroin-
testinal cancers

Using the data of G6PD expression in gastroin-
testinal cancers and adjacent tissues from the 
TCGA database, we drew receiver operating 
characteristic (ROC) curve with R language 
pROC package to evaluate the diagnostic value 
of G6PD level in gastrointestinal cancers.

Prognostic analysis of G6PD in gastrointestinal 
cancers 

The correlation between disease-free survival 
(DFS) and G6PD was accessed online using the 
KM plotter (http://kmplot.com/analysis/), and 
the KM curves were visualized to analyze the 
prognosis of gastrointestinal cancers. Uni- 
variate Cox regression and stepwise multiple 
Cox regression analysis in R language were per-
formed to determine the association between 
the G6PD level and patient’s overall survival.

Correlation between G6PD and gene mutation

cBioPortal (http://www.cbioportal.org/) was 
employed to analyze the genomic changes of 
G6PD in various types of cancers from TCGA. 
These changes included copy number amplifi-
cation, deletions, missense mutations with 
uncertain significance, and mRNA upregula-
tion. We compared G6PD expression in gastro-
intestinal cancers with different TP53 mutation 
status in the UALCAN database. The correlation 
of G6PD expression with Tumor Burden (TMB) 
and Microsatellite Instability (MSI) was visual-
ized on an online platform (www.aclbi.com), 
which integrated samples from TCGA, GEO and 
other public databases.

Immune infiltration analysis

By applying the ESTIMATE algorithm, we were 
able to estimate the proportion of immune cells 

and stromal cells in tumor samples based on 
gene expression characteristics [25]. Using the 
“estimate” package in RSstudio, we calculated 
the ImmuneScore and StromalScore for each 
TCGA sample. The associations between G6PD 
expression and these scores were then illus-
trated with scatter plots, where a higher score 
indicates a greater infiltration of immune or 
matrix components in the tumor microenviron-
ment (TME) [26].

To explore the correlation between G6PD 
expression and immune checkpoint-related 
genes in human cancers within the TCGA 
cohort, we utilized the “Gene_Corr” module in 
the TIMER2.0 database. This allowed us to gen-
erate a heat map indicating the statistical sig-
nificance with ρ value after purity adjustment 
via Spearman’s correlation analysis. Genes of 
interest included BTLA, CD27, CD274, CD276 
and others [27]. Moreover, we employed the 
“immune gene” tool in TIMER2.0 to investigate 
the link between G6PD level and immune cell 
infiltration in all TCGA cancers. Specifically, we 
focused on Th1 and Th2 subsets of myeloid-
derived suppressor cells (MDSCs) and CD4+  
T cells. Using TIDE and XCELL algorithms, we 
estimated the immune infiltration and depicted 
the results with heat maps and scatter plots.

Drug sensitivity analysis

GSCALite database (http://bioinfo.life.hust.
edu.cn/web/GSCALite/) integrated 265 small 
molecules from Genomics of Drug Sensitivity in 
Cancer. We searched G6PD related gene set 
including “immune genes” BTLA, CD27, CD274 
and CD276 to perform drug sensitivity analysis. 
The expression of G6PD in the gene sets were 
explored by Spearman correlation analysis with 
the small molecule/drug sensitivity (IC50).

Enrichment analysis

The STRING database was used to establish a 
protein protein interaction (PPI) network with 
its default parameters [28]. The result file was 
imported into the Cytoscape software (version 
3.9.1) to visualize the PPI network [29]. The 
GEPIA2 database (TCGA and GTEx data sets) 
was used to obtain G6PD related genes (the 
first 100). The TIMER2.0 database was utilized 
to generate a heat map of the genes related  
to G6PD expression. The Venn diagram tool 
(http://bioinformatics.psb.ugent.be/webtools/
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Venn/) was used to analyze the cross genes 
associated with G6PD. Additionally, the DAVID 
database (https://david.ncifcrf.gov/) was used 
to analyze the function of G6PD, the Can- 
cerSEA database (http://biocc.hrbmu.edu.cn/
CancerSEA/) was used to map the state of sin-
gle cell function [30]. Further GSEA was con-
ducted to analyze different signal pathways of 
G6PD low expression and high expression. The 
ES scores were sorted to show the signal path 
with the best ES score. The network diagrams 
of different cancer signal pathways were visual-
ized by using Cytoscape.

Results 

G6PD expression profiles in human normal 
tissues and cancers

We used the BioGPS database to study the 
expression of G6PD in normal tissue cells. In a 
variety of tissues and cells, the highest expres-
sion of G6PD was observed in whole blood, fol-
lowed by CD56+ NK cells. With regard to can-
cer cell lines, G6PD expression was enriched in 
A549.1 cells (Figure 1A) and decreased in 
HELA.1 cells (Figure 1B).

We analyzed the expression of G6PD in cancer 
through TIMER2.0 database. As demonstrated 
in Figure 1C, G6PD showed a high expression 
level in various cancers, including bladder uro-
thelial carcinoma, breast invasive carcinoma 
(BRCA), cervical squamous cell carcinoma, 
endocervical adenocarcinoma, CHOL, COAD, 
ESCA, head and neck squamous cell carcinoma 
(HNSC), kidney chromophobe (KICH), kidney 
renal papillary cell carcinoma, LIHC, lung ade-
nocarcinoma, lung squamous cell carcinoma 
(LUSC), rectum adenocarcinoma (READ), STAD 
and uterine corpus endometrial carcinoma. 
Additionally, there was a significant reduction in 
G6PD expression in thyroid carcinoma (THCA) 
compared to normal samples, and also a sig-
nificant decrease in G6PD expression in HPV+ 
HNSC cells compared to HPV- HNSC cells.

By analyzing the data of GEPIA2 database, we 
further analyzed the differential expression of 
G6PD between CHOL, COAD, ESCA, LIHC, PAAD, 
READ and STAD tumor tissues and normal  
tissues (Figure 1D). As showed in Figure 1E, 
G6PD had a high protein expression in COAD, 
LIHC and PAAD, and a medium expression in 
STAD.

Correlation of G6PD expression with clinical 
features in gastrointestinal cancers

We analyzed the correlation between G6PD 
expression and clinical characteristics of gas-
trointestinal cancer patients using the UALCAN 
database. As shown in Figure 2A, the data 
included 3 races: Caucasian, African American 
and Asian. Significant difference presented in 
the levels of G6PD when Normal samples vs. 
Tumor samples from other races respectively in 
COAD, LIHC and STAD; when Normal sample vs. 
Caucasian tumor samples, Caucasian tumor 
samples vs. Asian tumor samples in CHOL; 
when Normal samples vs. African American 
tumor samples or Asian tumor samples, Cau- 
casian tumor samples vs. Asian tumor samples 
in ESCA; when Normal samples vs. Caucasian 
tumor samples or African American tumor sam-
ples in READ (P<0.05). G6PD showed sig- 
nificant difference when Normal vs. Male or 
Female respectively in CHOL, COAD, LIHC, 
READ and STAD, when Normal vs. Male in ESCA 
(P<0.05) (Figure 2B).

The age data were divided into 5 groups: 
Normal and Tumor (21-40 years, 41-60 years, 
61-80 years and 81-100 years). There were sig-
nificant differences in the levels of G6PD when 
Normal vs. other groups respectively in COAD, 
LIHC and READ; when Tumor (41-60 years) vs. 
Tumor (61-80 years) or Tumor (81-100 years), 
Tumor (61-80 years) vs. Tumor (81-100 years) in 
ESCA; when Tumor (41-60 years) vs. Tumor (61-
80 years) in PAAD (P<0.05) (Figure 3A).

Weight data were also divided into 5 groups: 
Normal and Tumor (Normal Weight, Extreme 
Weight, Obese and Extreme Obese). Significant 
differences appeared in the levels of G6PD 
when Normal vs. other groups (except Extreme 
Obese) respectively in CHOL; when Normal vs. 
other groups respectively, Extreme Weight vs. 
Extreme Obese, Obese vs. Extreme Obese in 
COAD; when Normal vs. other groups respec-
tively, Extreme Weight vs. Obese in ESCA; when 
Normal vs. Normal Weight or Extreme Weight in 
READ (P<0.05) (Figure 3B).

Correlation of G6PD expression with pathologi-
cal characteristic in gastrointestinal cancers

To evaluated the correlation of G6PD expres-
sion with pathological characteristic in gastro-
intestinal cancers, we investigated the data 
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Figure 1. Glucose 6 phosphatase dehydrogenase (G6PD) expression profiles in normal tissues and cancers. A. 
G6PD expression levels in normal tissues and cell types. B. G6PD expression levels in cancer cell lines. C. Expres-
sion levels of G6PD in The Cancer Genome Atlas Program (TCGA) cancers were analyzed by TIMER 2.0 database 
(*P<0.05, **P<0.01, ***P<0.001). D. Differences in G6PD expression between cancers from the TCGA database 
and normal samples from the GEPIA2.0 database (*P<0.05). E. G6PD protein expression in Colon adenocarcinoma 
(COAD), Liver hepatocellular carcinoma (LIHC), Pancreatic adenocarcinoma (PAAD) and Stomach adenocarcinoma 
(STAD).
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from UALCAN database. As shown in Figure 4, 
results determined a significant difference in 

G6PD expression when Normal vs. Stage 1 or 
Stage 2 in CHOL and PAAD; when Normal vs. 

Figure 2. Glucose 6 phosphatase dehydrogenase (G6PD) expression levels in patients with different race or sex. A. 
G6PD expression were assessed by race (Normal, Caucasian, African American and Asian) in Cholangiocarcinoma 
(CHOL), Colon adenocarcinoma (COAD), Esophageal carcinoma (ESCA), Liver hepatocellular carcinoma (LIHC), Pan-
creatic adenocarcinoma (PAAD), Rectum adenocarcinoma (READ) and Stomach adenocarcinoma (STAD) from UAL-
CAN database. B. G6PD expression were assessed by the sex in CHOL, COAD, ESCA, LIHC, PAAD, READ and STAD 
from UALCAN database.

Figure 3. Glucose 6 phosphatase dehydrogenase (G6PD) expression levels in patients with different age and weight. 
A. G6PD expression were assessed by age in Cholangiocarcinoma (CHOL), Colon adenocarcinoma (COAD), Esopha-
geal carcinoma (ESCA), Liver hepatocellular carcinoma (LIHC), Pancreatic adenocarcinoma (PAAD), Rectum ad-
enocarcinoma (READ) and Stomach adenocarcinoma (STAD) from UALCAN database. B. G6PD expression were 
assessed by weight in CHOL, COAD, ESCA, LIHC and READ from UALCAN database.
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Stage 2 or Stage 3, Stage 1 vs. Stage 2 in ESCA; 
when Normal vs. Stage 1 to Stage 4 respective-
ly in COAD and STAD; when Normal vs. Stage 1 
to Stage 4 respectively, Stage 1 vs. Stage 2 in 
READ (P<0.05).

Results in Figure 5A revealed significant differ-
ence in G6PD when Grade 2 vs. Grade 3 in 
ESCA; when Normal vs. Grade 1 to Grade 4 
respectively, Grade 1 vs. Grade 2 or Grade 3, 
Grade 2 vs. Grade 3 in LIHC; when Grade 1 vs. 
Grade 2 or Grade 3 in PAAD; when Normal vs. 
Grade 2 or Grade 3, Grade 1 vs. Grade 3 in 
STAD (P<0.05). As shown in Figure 5B, G6PD 
expressed significant differences when Normal 
vs. N0 in CHOL and LIHC; when Normal vs. N0 
to N2 in COAD and READ; when Normal vs. N1 
or N2, N0 vs. N1 in ESCA; when Normal vs. 
other groups respectively in STAD (P<0.05).

For pathological stages, a significant relation-
ship of G6PD was found when Normal vs. 
Adenocarcinoma or Mucinous adenocarcino-
ma, Adenocarcinoma vs. Mucinous adenocarci-
noma in COAD and READ; when Normal or 
Adenocarcinoma vs. Squamous cell carcinoma 
in ESCA; when Normal vs. Adenocarcinoma 
(NOS), Intestinal Adenocarcinoma (NOS), In- 
testinal Adenocarcinoma (Tubular) or Intestinal 
Adenocarcinoma (Papillary), Adenocarcinoma 

(Diffuse) vs. Intestinal Adenocarcinoma (NOS) 
or Intestinal Adenocarcinoma (Tubular), Intes- 
tinal Adenocarcinoma (NOS) or Intestinal Ade- 
nocarcinoma (Tubular) vs. Intestinal Adenocar- 
cinoma (Mucinous) in STAD (P<0.05) (Figure 
6A). Moreover, G6PD expression was only  
significantly different in ESCA in Normal or 
Adenocarcinoma vs. Squamous cell carcinoma 
(P<0.05) (Figure 6B).

Diagnostic performance of G6PD in gastroin-
testinal cancers

ROC curves showed that G6PD expression was 
associated with diagnosis in cancers from 
TCGA database. G6PD showed an excellent 
predictive diagnosis ability for LIHC (AUC= 
0.949, 95% CI=0.925-0.973, P<0.001), COAD 
(AUC=0.852, 95% CI=0.814-0.889, P<0.001) 
and ESCA (AUC=0.807, 95% CI=0.631-0.984, 
P<0.001), an a good diagnosis ability for STAD 
(AUC=0.639, 95% CI=0.526-0.752, P<0.01). 
However G6PD showed no statistical signifi-
cance in the diagnosis of PAAD (AUC=0.591, 
95% CI=0.258-0.923, P>0.05) (Figure 7A).

In Figure 7B, G6PD didn’t reveal a good predic-
tive diagnosis ability in CHOL (AUC=0.585, 95% 
CI=0.480-0.690, P<0.05). Also, G6PD showed 
no statistical significance in the diagnosis of 

Figure 4. Glucose 6 phosphatase dehydrogenase (G6PD) expression 
levels in patients with different cancer pathological stages. G6PD 
expression were assessed by main pathological stages in Cholan-
giocarcinoma (CHOL), Colon adenocarcinoma (COAD), Esophageal 
carcinoma (ESCA), Liver hepatocellular carcinoma (LIHC), Pancre-
atic adenocarcinoma (PAAD), Rectum adenocarcinoma (READ) and 
Stomach adenocarcinoma (STAD) from UALCAN database.
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colorectal cancer (CA) (AUC=0.564, 95% CI= 
0.386-0.742, P>0.05) and PAAD (AUC=0.632, 
95% CI=0.404-0.860, P>0.05) based on GEO 
database.

Prognostic analysis of G6PD in gastrointestinal 
cancers

KM survival curves showed that G6PD expres-
sion was associated with prognostic outcomes 

in gastrointestinal cancers. Figure 8A shows 
that G6PD was associated with the DFS of gas-
trointestinal cancers. G6PD could improve the 
DFS of esophageal adenocarcinoma (EAC) 
(P<0.01) and PAAD (P<0.05), while conversely 
in LIHC (P<0.01) and STAD (P<0.05). Univariate 
Cox regression and stepwise multiple Cox 
regression analysis in R language both deter-
mined that G6PD expression was closely relat-
ed with LIHC (P<0.001) (Figure 8B).

Figure 5. Glucose 6 phosphatase dehydrogenase (G6PD) expression 
levels in patients with different cancer pathological grades. A. G6PD ex-
pression were assessed by tumor grades in Cholangiocarcinoma (CHOL), 
Esophageal carcinoma (ESCA), Liver hepatocellular carcinoma (LIHC), 
Pancreatic adenocarcinoma (PAAD), and Stomach adenocarcinoma 
(STAD) from UALCAN database. B. G6PD expression were assessed by 
nodal metastasis of CHOL, Colon adenocarcinoma (COAD), LIHC, PAAD, 
Rectum adenocarcinoma (READ) and STAD from UALCAN database.
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Correlation of G6PD with gene mutation

We used the cBioPortal database to examine 
the genomic changes and mutation profiles of 
G6PD in the TCGA cancer cohort. As shown in 
Figure 9A, high mutation frequency of G6PD 
appeared in CA and ESCA. Copy number of 
G6PD changed in ESCA, CHOL, PAAD and LIHC. 
Copy number “deep deletion” happened in 
LIHC. The type, site and number of cases of 
G6PD genome changes are shown in Figure 9B. 
The general mutation counts of G6PD in a  
variety of cancer samples are shown in Figure 
9C.

In addition, we studied the relationship between 
G6PD expression and TP53 mutation status in 
UALCAN database. We found the expression of 
G6PD in the TP53 Mutant group was signifi-

cantly higher than in the Normal and TP53 Non-
Mutant group in COAD, ESCA, LIHC, PAAD, 
READ and STAD (P<0.05) (Figure 9D). 

TMB and MSI are considered to be the key fac-
tors that affect the occurrence and develop-
ment of the response of cancer immunothera-
py. In Figure 9E, G6PD expression was posi- 
tively correlated with TMB in kidney renal clear 
cell carcinoma (KIRC), low-grade gliomas, skin 
cutaneous melanoma, sarcoma, PAAD (cor= 
0.159), HNSC and BRCA, while negatively in 
ESCA (cor=-0.311), acute myeloid leukemia 
and THCA cohorts (P<0.05). The expression of 
G6PD was also positively correlated with MSI  
in KICH, glioblastoma multiforme, KIRC and 
LUSC, while negatively in pheochromocytoma 
and paraganglioma and READ (cor=-0.251) 
(P<0.05) (Figure 9E).

Figure 6. Glucose 6 phosphatase dehydrogenase 
(G6PD) expression levels in patients with other 
pathological characteristics in UALCAN database. A. 
G6PD expression with cancer histological subtypes in 
Colon adenocarcinoma (COAD), Liver hepatocellular 
carcinoma (LIHC), Stomach adenocarcinoma (STAD) 
and Rectum adenocarcinoma (READ). B. G6PD ex-
pression with cancer tumor histology in ESCA.
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Figure 7. The diagnostic value of Glucose 6 phosphatase dehydrogenase (G6PD) expression level in gastrointestinal 
malignant tumors. A. Receiver operator characteristic (ROC) curve of G6PD expression levels in digestive tract can-
cer tissues and non-cancer tissues from The Cancer Genome Atlas Program (TCGA). B. ROC curve of G6PD expres-
sion levels in digestive tract tissues from Gene Expression Omnibus (GEO).
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Correlation of G6PD expression with immune 
infiltrates in gastrointestinal cancers 

We used ESTIMATE to calculate the immune 
and matrix scores of cancer tissues. Figure 
10A indicated that G6PD was correlated with 
the immune and stromal scores in ESCA, LIHC 
and STAD (P<0.05). We found that G6PD ex- 
pression was positively correlated with CD276 
in all gastrointestinal cancers, while negatively 
with HERV-H LTR-associating 2 (HHLA2) in 
ESCA and STAD, as shown in Figure 10B. G6PD 
level and infiltration level of MDSCs, Th1 and 
Th2 subsets of T cells CD4+ across TCGA can-
cers Scatter plots of MDSCs are showing in 
Figure 10C. Correlation between G6PD and 
immune cell infiltration in all gastrointestinal 
cancers are showing in Figure 10D. G6PD 
expression was positively correlated with T cell 
CD4+ Th2_XCELL in CHOL, LIHC and READ; 
positively with MDSC_TIDE in CHOL, ESCA, 
LIHC and STAD; positively with T cell CD4+ 
memory activated CIBERSORT-ABS in PAAD 
and READ. While G6PD expression was nega-
tively correlated with T cell CD4+ (non-regulato-
ry) in CHOL, COAD and STAD. The profiles  
illustrated that G6PD was engaged in the 
immune infiltration-related pathways and ser- 
ved a critical role in the immuno-oncological 
interactions.

Drug sensitivity analysis

We searched G6PD related gene sets including 
“immune genes” BTLA, CD27, CD274, CD276 to 
perform drug sensitivity analysis in GSCALite 
database. Results showed that G6PD was sen-
sitive to FK866, Phenformin, AICAR etc., while 
resistant to RO-3306, CGP-082996, TGX221 
etc. (Figure 11).

Enrichment analysis of G6PD related genes in 
gastrointestinal cancers

In STRING database, a total of 47 G6PD inter-
acting proteins were retrieved, among which 
PGD, HK2, LDHB, TPI1, GPI, PKM, PGLS, 
TALDO1, GAPDH and TP53 interacted signifi-
cantly, as shown in PPI (Figure 12A). The first 

100 genes related to G6PD expression were 
obtained via GEPIA2 and TIME2.0 database. 
The expression of G6PD was significantly posi-
tive with GMPS, TKT, ZDHHC18, NQO1, ABCC1, 
HK1, ME1, PGD, PRDX1, TALDO1 and USB1 
(Figure 12B, 12C).

We obtained 2 G6PD related genes (PGD, 
TALDO1) across String and GEPIA2 database 
(Figure 12D). G6PD related genes obtained 
from these two datasets were used for GO and 
KEGG enrichment analysis. As shown in Figure 
12E, the GO function analysis showed that 
G6PD was related to the biological processes 
such as aging, nutritional response and dau- 
norubicin metabolism. G6PD was related to 
molecular functions such as D-threo-aldose 
1-dehydrogenase activity and oxidoreductase 
activity, acting on NAD(P)H and so on.

KEGG enrichment analysis showed that G6PD 
was related to signal pathways such as Ste- 
roid hormone biosynthesis, PPP, Metabolism of 
xenobiotics by cyclochrome P450, Glutathione 
metropolis, Ferropsis and so on (Figure 12F).

Single cell analysis was conducted using the 
Cancer SEA database. It was found that G6PD 
was involved in a variety of carcinogenic pro-
cesses, including angiogenesis, apoptosis, cell 
cycle differentiation, DNA damage, etc. (Figure 
12G).

We conducted GSEA enrichment analysis of 
G6PD in gastrointestinal cancers. The signal 
pathways with the highest ES score enriched in 
various cancers are shown in Figure 13A, 
including PPP (COAD/READ), ascorbic acid and 
aldose metabolism (ESCA), steroid biosynthe-
sis (STAD), proteasome (PAAD), mitotic (LIHC) 
and mismatch repair (CHOL). We observed the 
correlation between G6PD and related signal 
pathways in various cancers through cystosco-
py (Figure 13B). G6PD mainly acted on gastro-
intestinal cancer through DNA replication, mis-
match repair, proteasome, homologous recom-
bination, glutamate metabolism, PPP, RNA 
polymerase, base excitation repair, cell cycle 
porphyrin and CHOROPHYLL metabolism, py- 

Figure 8. Prognostic Analysis of Glucose 6 phosphatase dehydrogenase (G6PD) in gastrointestinal cancers. A. G6PD 
expression levels related with patient’s disease free survival (DFS). Correlation of G6PD expression and DFS was 
assessed in esophageal adenocarcinoma (EAC), Liver hepatocellular carcinoma (LIHC), Pancreatic adenocarcinoma 
(PAAD), Rectum adenocarcinoma (READ) and Stomach adenocarcinoma (STAD) by Kaplan-Meier Plotter. B. Multiple 
Cox regression analysis of G6PD expression in LIHC.
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Figure 9. Mutation landscape of Glucose 6 
phosphatase dehydrogenase (G6PD) in can-
cers. G6PD alteration frequencies in various 
cancers (A) and mutation sites (B) were visual-
ized. (C) The general mutation counts of G6PD 
in The Cancer Genome Atlas Program (TCGA) 
samples. (D) Expression level of G6PD in differ-
ent tumor protein p53 (TP53) mutation states 
in various cancers in UALCAN database. (E) 
Radar maps of correlations between G6PD ex-
pression and TMB and MSI were plotted.
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rimidine metabolism, mitosis, and steroid bio-
synthesis pathway.

Discussion 

Gastrointestinal cancers are among the top 10 
most prevalent and deadliest tumors world-
wide. Gastrointestinal cancers includes ESCA, 
STAD, LIHC, COAD, CHOL, READ and PAAD. 
G6PD is known to be dysregulated in a variety 
of tumors, such as BRCA [31], LIHC [32] and 
ESCA [33]. However, whether G6PD is essen- 
tial for tumor initiation, growth or metastasis 
remains unclear. In this study, we explored the 
panoncogene expression profile of G6PD. It 
was found that the expression of G6PD in gas-
trointestinal cancers is generally higher than 
that in normal tissues, which has broad 
research prospects. G6PD is conventionally 
considered as the first and rate-limiting enzyme 
of the PPP [34]. PPP produces large quantities 
of NADPH and ribose 5-phosphate for various 
cellular synthetic functions, such as the synthe-
sis of aliphatic acid and sterols [10, 11]. In addi-
tion, this pathway ensures glutathione reduc-
tion, which enhances antioxidant defense and 
promotes cell proliferation [12]. These results 
reveal G6PD as a carcinogenic indicator of gas-
trointestinal cancers.

We studied the correlation between G6PD and 
the clinical features of gastrointestinal tumors, 
and found that G6PD functioned significantly 
on different classified groups with clinical fea-
tures. Results revealed the expression of G6PD 
in Asians was the highest in CHOL, COAD and 
READ. As for ESCA, LIHC PAAD and STAD, the 
expression of G6PD was the highest in African 
American patients. G6PD expressed the high-
est in gastrointestinal cancer patients aged 
41-60 years among all age levels. G6PD 
expressed higher in other groups than the 
Normal group in weight, stage, nodal metasta-
sis and pathological stages. As for grade, it was 
seen that the higher the grade was, the higher 
expression of G6PD might be. ROC curves sug-
gested that G6PD expression was associated 
with the diagnosis in gastrointestinal cancers 

based on TCGA and GEO database. G6PD 
showed an excellent predictive diagnosis ability 
particularly for LIHC, COAD, ESCA. KM survival 
curves indicated G6PD expression was corre-
lated to the DFS of gastrointestinal cancer 
patients. G6PD up-regulated DFS in EAC and 
PAAD, and conversely in LIHC and STAD. 
Univariate Cox regression and stepwise multi-
ple Cox regression analysis in R language both 
determined that G6PD expression was closely 
related with LIHC. Therefore, our study identi-
fied G6PD as a novel diagnosis marker of gas-
trointestinal cancers.

DNA structural changes could cause proto-
oncogene mutations including point mutations, 
chromosome translocation, insertional muta-
genesis, gene deletion and gene amplification 
[35]. We found that G6PD has a high mutation 
rate in COAD and ESCA. G6PD gene amplifica-
tion was evident in ESCA, CHOL, PAAD and 
LIHC. G6PD copy number loss was found in 
LIHC. The expression of G6PD was even related 
to the mutation of TP53. G6PD level in COAD, 
ESCA, LIHC, PAAD, READ, and STAD patients 
with TP53 mutation was higher than that in 
patients without TP53 mutation. It can be seen 
that the abnormality of G6PD gene may be 
related to the development of gastrointestinal 
cancers. We studied the correlation of G6PD 
with TMB and MSI in gastrointestinal tumors, 
and the correlation of G6PD with immune score 
and matrix score. The results showed that the 
absolute values were all below 0.4.

Multifactorial drug resistance is regarded as 
the major cause of treatment failure in gastro-
intestinal cancers. Accumulating evidence has 
shown that the constituents of TME, including 
cancer-associated fibroblasts, tumor vascula-
ture, immune cells, physical factors, cytokines 
and exosomes may explain the therapeutic 
resistance mechanisms in gastrointestinal can-
cers [36]. Recent studies have confirmed 
improvement in advanced cancer treatment by 
new immunocheckpoint inhibitors and antibody 
drug conjugates [37]. However, only a few num-
bers of patients with specific types of cancers 

Figure 10. Glucose 6 phosphatase dehydrogenase (G6PD) expression correlates with the immune infiltrates of 
tumors. (A) Top three scatter plots of correlation between G6PD expression and immune and stromal scores in 
multiple cancers. (B) Correlation between G6PD expression level and immune checkpoint-associated genes. (C) 
Correlations between G6PD expression level and the infiltration level of Myeloid derived suppressor cells (MDSCs), 
T helper cells (Th1) and Th2 subsets of CD4+ T cells across The Cancer Genome Atlas Program (TCGA) cancers. 
Scatter plots of MDSC (D) and CD4+ Th2 cell.
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respond to immunotherapy, which may be due 
to insufficient immune activation and failure to 
recognize tumor specific antigens [38]. There- 
fore, identifying other potential therapeutic tar-
gets and determining the correlation between 
potential genes and current immune check-
points are of great value for tumor immunother-
apy. In this study, G6PD level was shown to 
have positive or negative correlation with mul-
tiple immune checkpoint molecules in gastroin-
testinal cancers. Especially, G6PD was posi-
tively correlated with CD276 in all gastrointesti-
nal cancers, and negatively with HHLA2 in 
ESCA and STAD. It can be seen that G6PD may 
be of great significance in exploring new treat-
ments of gastrointestinal cancers.

A large amount of evidence supports that 
immune cells are very important in immune 
response under pathological conditions, and 
play an important role in angiogenesis and 
metastasis in tumor growth [39]. Immune cells 
are known to have an ability to mediate the 
destruction of cancer cells and to influence the 
microenvironment of tumors, leading to the 
suppression or progression of tumor growth. 
The expression of key genes involved in immune 
response and regulation can provide crucial 
information about the immune status of tumors 
and the potential efficacy of immunotherapy. 
G6PD, as a well-known enzyme involved in met-
abolic processes, has recently been recognized 
for its potential role in regulating immune func-
tion in the context of cancer. Our findings sug-
gest that G6PD expression is associated with 
the proportion of immune and stromal cells in 
the TME, and it is correlated with the expres-
sion of immune checkpoint genes and immune 
cell infiltration in various cancers.

Taken together, these results highlight the 
importance of further investigating the role of 
G6PD in regulating the immune response and 
its potential as a therapeutic target in cancer 
treatment. CD4+ T cell subsets (Th1, Th2, Th17 
and regulatory T (Treg) cells) play an important 
role in this process. For example, the Th2 sub-
group can secrete cytokines IL-4, IL-5 and IL-13, 
activate B cells into plasma cells, and secrete 
antibodies [40]. Our study showed that the 
abnormal expression of G6PD was due to the 

increase of T cell CD4+ Th2 subsets and 
decrease of T cell CD4+ cells (non-regulatory). 
We searched G6PD related gene sets, includ-
ing “immune genes” BTLA, CD27, CD274, 
CD276 to perform drug sensitivity analysis. 
G6PD was found to be sensitive to FK866, 
Phenformin, AICAR etc., while resistant to 
RO-3306, CGP-082996, TGX221 etc. All these 
indicate the potential clinical application value 
of G6PD in immunotherapy of gastrointestinal 
cancers, which needs further verification.

In terms of G6PD associated proteins and sig-
nal pathways, we found that G6PD interacted 
closely with PGD, HK2, LDHB, TPI1, GPI, PKM, 
PGLS, TALDO1, GAPDH and TP53, among which 
TP53 was closely related to tumors. G6PD was 
related to aging, nutritional response, daunoru-
bicin metabolism, doxorubicin metabolism, 
prostaglandin metabolism and other biological 
processes related to tumor growth, chemother-
apy resistance, tumor pain, etc. G6PD is relat-
ed to pentose PPP, cytochrome P450 metabo-
lism of exogenous substances, glutathione 
metabolism, iron poisoning, chemical carcino-
genic reactive oxygen species and other signal 
pathways closely related to cancers. We used 
the Cancer SEA database for single cell analy-
sis, and found that G6PD was involved in a vari-
ety of carcinogenic processes, including angio-
genesis, apoptosis, cell cycle differentiation, 
DNA damage, DNA pairing, EMT, etc. 

The oxidative branch of PPP mainly produces 
NADPH and R5P [41]. NADPH can not only 
maintain the redox state, but also is the main 
molecule of lipid and nucleotide synthesis [42, 
43]. Among them, the key enzyme of oxidative 
branch is G6PD. These pathways can effect oxi-
dative metabolism in gastrointestinal tumors 
through G6PD. Due to the heterogeneity of 
tumor metabolism, the high PPP flow of tumor 
cells is different from that of normal cells [44-
46]. At the same time, NADPH is used to main-
tain the balance of intracellular redox reac-
tions. This study reports on the close correla-
tion of G6PD with gastrointestinal cancers, to 
provide further theoretical basis for clinical 
treatment-related research, such as tumor 
anti-metabolism therapy, and gives references 
for subsequent experimental verification. 

Figure 11. Drug Sensitivity Analysis of Glucose 6 phosphatase dehydrogenase (G6PD) related gene sets: G6PD, B 
and T lymphocyte associated (BTLA), Cluster of differentiation 27 (CD27), CD274 and CD276 in GSCALite database. 
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Figure 12. Enrichment analysis of Glucose 6 phosphatase dehydrogenase (G6PD)-related partners. (A) Protein-protein interaction (PPI) network for G6PD was con-
structed in Cytoscape. (B) The correlation between G6PD expression and selected targeting genes, including Transaldolase 1 (TALDO1), Peroxiredoxin 1 (PRDX1), 
phosphogluconate dehydrogenase (PGD), Malatase 1 (ME1), ATP binding cassette subfamily C member 1 (ABCC1), NAD(P)H Quinone Dehydrogenase 1 (NQO1), 
Zinc Finger DHHC-Type Palmitoyltransferase 18 (ZDHHC18) and Transketolase (TKT). (C) The heatmap showed that G6PD was positively related to the selected 
genes in The Cancer Genome Atlas program (TCGA) cancers. (D) Venn diagram of G6PD-interacted and correlated genes. Gene Ontology (GO) Biological Process and 
molecular function (E) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway (F) enrichment analyses were performed. (G) CancerSEA was utilized for single-
cell analysis to determine the functions of G6PD.
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In a word, G6PD is likely to promote gastroin-
testinal cancers through the above mechanism, 
and these views are worthy of verification in 
subsequent experiments.
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