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ARTICLE INFO ABSTRACT

Keywords: Purpose: To construct a prognostic model for pancreatic cancer based on glycolytic and hypoxic
Pancreatic cancer metabolic subtypes. To analyze the biological characteristics of these subtypes and explore po-
Bi"markf’rs tential therapeutic options.

gz;lo};silss Methods: We obtained mRNA, simple nucleotide variation (SNP), and clinical data for pancreatic
Hypoxia cancer from The Cancer Genome Atlas (TCGA). Patients were classified into four metabolic

subtypes. We focused on glycolysis and hypoxia subtypes. Single-sample gene set enrichment
analysis (ssGSEA) assessed immune cell infiltration. We evaluated the effects of immunotherapy
and chemotherapy on these subtypes. Cox regression and random survival forest algorithms were
used to build a prognostic model. Validation was performed using data from the International
Cancer Genome Consortium (ICGC) and ArrayExpress database.

Results: We identified four subtypes. Kaplan-Meier survival analysis showed the glycolytic subtype
had the longest survival, while the hypoxic subtype had the shortest. The glycolytic subtype
exhibited higher immune cell infiltration. Inmunotherapy and chemotherapy appeared more
beneficial for the glycolytic subtype. KRAS mutations were more frequent in the hypoxic subtype.
Our prognostic model indicated a worse prognosis for high-risk groups, validated by external
data.

Conclusion: The glycolytic metabolic subtype of pancreatic cancer is associated with longer sur-
vival and better response to chemotherapy and immunotherapy compared to the hypoxic subtype.

1. Introduction

Pancreatic cancer is one of the most fatal malignancies, with a one-year survival rate of only 20 % and an overall survival rate of just
8 % [1]. Studies predict that by 2030, pancreatic cancer will become the second leading cause of cancer-related mortality [2]. The
absence of obvious clinical symptoms and the lack of effective biomarkers in early stages make early diagnosis challenging [3].
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Unlike other solid tumors, pancreatic cancer is characterized by abnormal stromal proliferation, which can account for up to 90 %
of the tumor volume. This results in poor vascularity and the formation of a hypoxic microenvironment [4]. Hypoxia inhibits aerobic
glucose oxidation and promotes glycolysis. Both hypoxia [5] and glycolysis [6] are significant factors contributing to poor cancer
prognosis. Metabolic subtypes exhibit varying sensitivities to chemotherapeutic agents [7]. Studies have confirmed that glycolysis and
hypoxia impact the prognosis of pancreatic cancer. Hypoxia leads to more aggressive tumor cells [8,9], and hypoxia-based metabolic
staging can predict patient survival [10]. Lower immune infiltration in glycolytic subtypes is linked to shorter survival times [11].
However, no study has yet analyzed both metabolic subtypes in tandem.

In our study, we identified four subtypes based on hypoxia and glycolysis genes. Patients with the glycolytic subtype had longer
overall survival compared to those with the hypoxic subtype. The glycolytic subtype also showed higher immune cell infiltration.
Immunotherapy and chemotherapy were more beneficial for the glycolytic subtype. We constructed a prognostic model using the
random survival forest algorithm and COX regression analysis, which was validated with data from TCGA and two external cohorts.

2. Materials and methods
2.1. Patient data

To obtain a sufficient number of pancreatic cancer samples, we conducted a comprehensive search using TCGA (https://portal.gdc.
cancer.gov/), ICGC (PACA-CA) (https://daco.icgc.org/), and ArrayExpress (E-MTAB-6134) (https://www.ebi.ac.uk/arrayexpress/).
From TCGA, we downloaded clinical data, mRNA data, and SNP data for pancreatic cancer. Additionally, we obtained mRNA and
clinical data from ICGC and ArrayExpress.

2.2. Defining the subtypes

To identify glycolytic and hypoxic genes, we utilized the Gene Set Enrichment Analysis (GSEA) tool (https://www.gsea-msigdb.
org/gsea/msigdb/search.jsp). We retrieved the hypoxic gene set “BUFFA_HYPOXIA METAGEN” (n = 50) and the glycolytic gene
set “REACTOME_GLYCOLYSIS” (n = 72). We then performed consensus clustering of these genes using ConsensusClusterPlus (pa-
rameters: reps = 100, pItem = 0.8, pFeature = 1). Ward.D2 and Euclidean distances were employed as the clustering algorithm and
distance metric, respectively.

Samples and genes were grouped after reanalyzing the clusters. Based on the gene expression profiles of these grouped samples, we
calculated the median expression of glycolytic and hypoxic genes, setting the median to O as a reference value. Subtypes were defined
using the median expression levels as follows: quiescent (hypoxia <0, glycolysis <0), mixed (hypoxia >0, glycolysis >0), glycolysis
(hypoxia <O, glycolysis >0), and hypoxia (hypoxia >0, glycolysis <0).

2.3. Immune cells infiltration and immune checkpoint genes

Two different algorithms, ssGSEA and MCPcounter, were used to calculate the infiltration of immune cells in TCGA datasets. To
predict immune cell infiltration, we referred to the methodology described by Bindea et al. [12]. In their study, 24 immune cell gene
sets were identified. Accordingly, we evaluated the infiltration of 24 different immune cell types using ssGSEA.

Since MCPcounter does not require additional gene sets, we utilized it to evaluate the infiltration of 10 immune cell types.
Additionally, we investigated the expression of 22 immune checkpoint genes within the TCGA dataset. This comprehensive analysis
allowed us to assess the immune landscape of pancreatic cancer accurately.

2.4. The prediction of immunotherapy and chemotherapy response

Using subclass mapping, we predicted the response of different pancreatic cancer subtypes to immunotherapy through the online
tool GenePattern (https://cloud.genepattern.org/gp) [13-15]. To determine the responsiveness of different subtypes to chemo-
therapy, we utilized the largest publicly available pharmacogenomics database, the Genomics of Drug Sensitivity in Cancer (GDSC)
(https://www.cancerrxgene.org/).

The prediction process involved using the R package “pRRophetic” to estimate the half-maximal inhibitory concentration (IC50) of
the samples via ridge regression. Prediction accuracy was assessed using 10-fold cross-validation based on the GDSC training set. All
parameters were set to their default values, and duplicate gene expressions were averaged. This approach allowed for a robust
evaluation of drug sensitivity across different metabolic subtypes of pancreatic cancer.

2.5. Real-time fluorescence quantitative PCR to detect mRNA expression levels of prognostic genes in pancreatic cancer cell lines cultured in
hypoxia

The human PAAD cell line, PaTu8988, was maintained at the Central Laboratory of Shanghai Fengxian District Central Hospital.
Cells were cultured in DMEM supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin-streptomycin (both from Gibco,
Thermo Fisher Scientific, Inc.), and kept in a humidified incubator with 5 % CO2 at 37 °C. RNA extraction and quantitative fluo-
rescence PCR were performed at 24, 48, and 72 h.

Additionally, the PaTu8988 cell line was cultured under a cobalt chloride-induced hypoxic environment, and RNA extraction and
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Fig. 1. Molecular subtypes based on glycolytic and hypoxic genes. (A) The cumulative distribution function (CDF) curves in consensus cluster
analysis. (B) The delta area score displayed the relative growth in cluster stability. (C) Heatmap showing the consensus score matrix of all samples
when K = 3. (D) The samples were divided into four different subtypes based on the median values of glycolytic and hypoxic genes. (E) Heatmap
s‘howing the expression of glycolytic and hypoxic genes in the four subtypes.

quantitative fluorescence PCR were conducted at the same time points: 24, 48, and 72 h. This setup allowed for the comparison of gene
expression under normoxic and hypoxic conditions.

2.6. Reverse transcription-quantitative PCR (RT-qgPCR)

Total RNA was extracted from tissues and cells using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). The extracted
RNA was then reverse transcribed into cDNA using the PrimeScript™ RT Reagent Kit (Takara Bio, Inc.) under the following conditions:
15 min at 37 °C and 5 s at 85 °C. Quantitative PCR (qPCR) was subsequently performed on an ABI 7300 Real-Time PCR System
(Applied Biosystems; Thermo Fisher Scientific, Inc.) using the SYBR® Premix Ex Taq™ II kit (Takara Bio, Inc.).

The thermocycling conditions for gPCR were as follows.

1. Initial denaturation at 95 °C for 30 s;
2 40 cycles of denaturation at 95 °C for 5 s;
3. Annealing at 58 °C for 30 s;
4. Extension at 72 °C for 30 s.
The following primer pairs were used for qPCR.
1. POM121C: forward 5-CCCTTGCCTGCTCCCTTCTTC-3' and reverse 5-TACTCACACTGCTGCTGCTCAC-3';
2. LDHA: forward 5'-TCAGCCCGATTCCGTTACCTAATG-3' and reverse 5-CACCAGCAACATTCATTCCACTCC-3;
3. GAPDH: forward 5-TTGGTATCGTGGAAGGACTCA-3' and reverse 5-TGTCATCATATTTGGCAGGTT-3.

All primers were purchased from Sangon Biotech Co., Ltd. The relative mRNA expression levels were quantified using the 2—AACq
method, with GAPDH serving as the internal control.

2.7. Statistical analysis

The Wilcoxon rank sum test was used to compare continuous variables between two groups. For variables with more than two
categories, the Kruskal-Wallis test was chosen. Kaplan-Meier survival analysis was conducted using the “survival” package and
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Fig. 2. Survival analysis of the four subtypes. (A) Overall survival analysis of the four subtypes. (B) Overall survival of glycolytic and hypox-
ic subtypes.
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Fig. 3. Subtypes with immune cells infiltration and immune checkpoint genes. (A) Infiltration of immune cells in different subtypes was inferred
using two different methods, ssGSEA and MCPcounter. (B) Violin plot showing immune checkpoint genes in glycolytic subtype and hypoxic subtype.

evaluated with the log-rank test. Heatmaps were generated using the “pheatmap” package, and mutations were analyzed with
“GenVisR.” All statistical analyses were performed using R software (version 3.6.2). All P-values were two-sided, and P < 0.05 was

considered statistically significant.
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3. Results
3.1. Four subtypes were identified by clustering analysis

We used the collected 50 hypoxic and 72 glycolytic genes to perform subtype analysis on 178 pancreatic cancer samples from
TCGA. Through unsupervised clustering analysis, all pancreatic cancers were classified into k (k = 2-9) different subtypes. By plotting
the cumulative distribution function curves of the consensus score, we determined that k = 3 was optimal (Fig. 1A and B). Ultimately,
34 glycolysis-related genes and 25 hypoxia-related genes were successfully clustered using ConsensusClusterPlus (Fig. 1C).

Next, we calculated the median expression levels of glycolytic and hypoxic genes for each sample, which allowed us to classify 177
samples into one of four subtypes based on their gene expression levels. Of these, 47 samples were identified as quiescent, 47 as
glycolytic, 38 as hypoxic, and 45 as mixed (Fig. 1D; Supplementary Tables 1 and 2).

A heatmap was used to visualize the expression of glycolysis and hypoxia-related genes across the four subtypes. In this heatmap,
columns represent samples and rows represent gene expression. In the quiescent group, both glycolysis- and hypoxia-related genes
showed low expression. In the glycolytic group, glycolysis-related genes were highly expressed while hypoxia-related genes were lowly
expressed. Conversely, in the hypoxic group, glycolysis-related genes were lowly expressed while hypoxia-related genes were highly
expressed. In the mixed group, both glycolytic and hypoxic genes were highly expressed (Fig. 1E).

To compare the prognoses of different subtypes, we plotted Kaplan-Meier survival curves. The analysis revealed significant differences in
overall survival between subtypes (Fig. 2A). Specifically, the hypoxic subtype had shorter overall survival times compared to the glycolytic
subtype. In the survival curves, the blue line represents the glycolytic group, and the red line represents the hypoxic group. These lines did
not intersect, indicating that the glycolytic group had both a longer median survival time and a longer overall survival time (Fig. 2B).
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3.2. Higher immune cells infiltration/immune checkpoint genes in glycolytic subtype

To explore variations in immune cell infiltration across different subtypes, we used two algorithms: ssGSEA and MCPcounter. The
heatmap illustrates the infiltration of immune cells in various subtypes (Fig. 3A). Using the Kruskal-Wallis test for comparison, we
observed that the glycolytic subtype exhibits more immune cell infiltration than the hypoxic subtype.

We also compared the expression of 22 immune checkpoint genes between glycolytic and hypoxic subtypes. Our results show that
immune checkpoint genes have significantly higher expression in the glycolytic subtype compared to the hypoxic subtype (Supple-
mentary Fig. 1). Classical immune checkpoint genes, including PDCD1 (PD-1), were markedly more expressed in the glycolytic subtype
than in the hypoxic subtype, as depicted in the violin plot (Fig. 3B). Thus, the glycolytic group had a higher inflammatory infiltrate,
which is associated with a worse prognosis.

3.3. Glycolytic subtypes are more sensitive to immunotherapy/chemotherapy

Subclass mapping was used to forecast the response of subtypes to immunotherapy. We compared the expression profiles of
glycolytic and hypoxic subtypes with a published dataset containing 47 melanoma patients who responded to immunotherapy [14,15].
Our analysis indicated that the glycolytic subtype may be more promising for anti-PD-1 therapy (p = 0.04) (Fig. 4A). Additionally, we
observed a difference in PD-1 expression between the two subtypes (Fig. 4B). This suggests that the glycolytic group is more likely to
benefit from immunotherapy.

We further explored the sensitivity of subtypes to chemotherapeutic drugs. A prediction model was trained using the GDSC cell line
dataset with ridge regression. The prediction accuracy was satisfactory, as confirmed by 10-fold cross-validation. After estimating the
IC50 of samples in the TCGA dataset, we found that certain chemotherapeutic drugs, such as Axitinib and all-trans-retinoic acid
(ATRA), were more effective in the glycolytic subtype, as evidenced by lower IC50 values (Fig. 4C). This implies that the glycolytic
group receiving chemotherapy may achieve longer survival times and lower recurrence rates.

3.4. KRAS mutations are more frequent in the hypoxic subtype

To investigate mutations in subtypes, we downloaded SNP data from TCGA. We plotted the mutation landscape of glycolytic and
hypoxic subtypes, respectively (Fig. SA and B). Using the chi-square test to analyze these nine genes, we found that KRAS mutations
were more frequent in the hypoxic subtype compared to the glycolytic subtype (Fig. 5C). Additionally, we examined the relationship
between KRAS mutations and their expression. The permutation test indicated that samples with KRAS mutations had higher KRAS
expression (Fig. 5D).

3.5. Construction of prognostic model and stratified analysis

To construct a prognostic model based on glycolytic and hypoxic genes, we used 59 genes successfully clustered by Consensu-
sClusterPlus, including 34 glycolysis-related and 25 hypoxia-related genes. We initially included 22 genes with p < 0.5 in the sub-
sequent analysis using univariate COX regression (Fig. 6A). We then screened 10 genes using the random survival forest algorithm
(Fig. 6B). Since these 10 genes could form a total of 1023 risk models, we performed Kaplan-Meier analysis to identify the best risk
models. The optimal module, which ranked first by comparing the -log10 P log-rank values of these 1023 models, included nine genes.
We selected these nine genes for subsequent multivariate COX analysis (Fig. 6C). As some of these nine genes were not present in the
two separate validation groups, we retained only the five genes present in all three datasets.

The multivariate COX analysis ultimately identified two genes: LDHA and POM121C. We constructed a prognostic model based on
these two genes. The prognostic risk score formula is: LDHA x 0.64 - POM121C x 0.29 (Table 1). Using the median risk score as the cut-
off value, we classified the training group (TCGA) into high-risk and low-risk groups. The high-risk group, due to typically skewed risk
score distribution, showed a worse prognosis (p < 0.0001) (Fig. 6D). Poor outcomes were more frequent in the high-risk group
(Fig. 6E). We plotted receiver operating characteristic (ROC) curves for RiskScore, T-stage, N-stage, stage, and grade, with area under
the curve (AUC) values of 0.654, 0.554, 0.597, 0.534, and 0.572, respectively (Fig. 6F). This demonstrated our model’s higher pre-
dictive ability.

To test our model’s predictive power, we plotted ROC curves at 1, 3, and 5 years, showing AUC values of 0.716, 0.676, and 0.696,
respectively (Fig. 7A). Additionally, multivariate COX analysis confirmed that our model is an independent prognostic factor (Fig. 7B).
Correlation analysis suggested a positive correlation between LDHA and T-stage (Supplementary Fig. 2).

We also conducted a stratification analysis, revealing that our model remained clinically and statistically significant in predicting
overall survival (OS) when stratified by age, stage, and tumor histological grade (Fig. 8). Compared to traditional tumor staging, our
metabolism-related prognostic model predicts patient survival more accurately.

Table 1
Multivariate Cox regression analysis of in the TCGA.
coef HR (95%CI) P
LDHA 0.64 1.91 (1.41-2.57) <0.01
POM121C -0.29 0.75 (0.50-1.11) 0.15
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Fig. 7. ROC curves and multivariate COX analysis. (A) ROC curves were plotted at 1, 3, and 5 years, and the area under the curve (AUC) values were
0.716, 0.676, and 0.696 at 1, 3, and 5 years. (B) Multivariate COX analysis showed that our model was an independent prognostic factor.

3.6. POM121C and LDHA belong to the genes related to hypoxia and glycolysis in PAAD

In the human PAAD cell line PaTu8988, RT-qPCR was used to analyze the differences in mRNA expression levels of LDHA and
POM121C in normal and hypoxic environments. Compared to the normally cultured pancreatic cancer cell line, there was no sig-
nificant increase in POM121C or LDHA gene expression at the 24th hour of hypoxic culture (Fig. 9A). However, the mRNA expression
of LDHA and POM121C was significantly elevated in PaTu8988 at the 72 nd h of hypoxic culture (Fig. 9B).

3.7. External validation of the prediction model

To further validate our model, we used two external validation datasets: ICGC and ArrayExpress. We first excluded patients with
missing clinical data and then calculated risk scores using the previously established formula. Kaplan-Meier curves demonstrated that
our model has significant prognostic value in both ICGC and ArrayExpress datasets (Fig. 10A and B). Similar to the TCGA cohort, we
observed that patients in the high-risk group had a worse prognosis more frequently in both external validation groups (Fig. 10C and
D).

We also plotted the corresponding ROC curves. The AUC values were 0.582, 0.642, and 0.657 at 1, 2, and 3 years for the ICGC group
(Figs. 10E), 0.711 and 0.623, and 0.606 at 1, 2, and 3 years for the ArrayExpress group (Fig. 10F). These results indicate that our risk
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Fig. 8. Prognostic model and stratification analysis. Stratification was performed according to age, stage and tumor histological grade.

score accurately stratified patients by their survival outcomes in both datasets. Therefore, our prognostic model is a meaningful and
valuable tool for predicting survival in patients with pancreatic cancer.

4. Discussion

In the histology, abnormal proliferation of the stroma, as the most striking features of PDAC, can occupy 90 % of tumor tissue
volume. This results in extensive fibrosis, lack of vascularity, hypoxia and immune cells infiltration [4,16,17]. Previous studies have
shown that pancreatic cancer has the lowest oxygen levels of all solid tumors [18]. In addition, unlike normal cellular metabolism,
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Fig. 9. Relative expression of LDHA and POM121C at molecular level detected by qPCR in pancreatic cancer cell line patu8988. (A) 24th hour in
culture. (B) 72 nd h in culture, the mRNA levels of both genes, LDHA and POM121C, were significantly elevated.

most cancer cells rely primarily on glycolytic metabolism for energy, a phenomenon known as the Warburg effect [19]. Thus,
glycolysis and hypoxia constitute an active loop, on the one hand, the hypoxic environment in pancreatic cancer prevents aerobic
oxidation of sugar and promotes glycolysis, and on the other hand, glycolysis allows massive growth of tumor cells, and the large
number of tumor cells leads to abnormal proliferation of stroma, thus creating a hypoxic microenvironment [20]. A large amount of
experiments have pointed out that both hypoxia and glycolysis are both causes to the worse prognosis of pancreatic cancer [21,22].

Our study explored the relationship between glycolytic and hypoxic genes based on their association with pancreatic cancer. The
glycolytic subtype had a better prognosis compared to the hypoxic subtype. Previous studies have indicated that in pancreatic cancer,
higher glycolysis scores tend to predict a worse prognosis, so we hypothesized that hypoxia may be more likely to lead to a poor
prognosis than glycolysis in pancreatic cancer [23-25].

We also evaluated the immune cells infiltration in pancreatic cancer, and we found that the immune cells infiltration was much
more abundant in the glycolytic subtype, especially some anti-tumor immune cells such as NK cells, CD8™" T cells, and the infiltration of
these immune cells may be one of the reasons for the relatively better prognosis of the glycolytic subtype [26].

In the analysis of immune checkpoint genes, we found that PD-1 (PDCD1), CTLA4 and other immune checkpoint genes were
significantly higher in glycolytic subtype than in hypoxic subtype. Nowadays, immunotherapy has been used as a novel therapy in
many tumors, and immune checkpoint blockade (ICB) using PD-1/PD-L1 antibodies has revolutionized the treatment of some cancers,
especially non-small cell lung cancer, melanoma, uroepithelial and renal cancers [27]. Although single PD-1/PD-L1 blockade is not
very effective in treating pancreatic cancer, it has been suggested that PD-1/PD-L1 blockade combined with CSF1R blockade is more
effective in tumor suppression, and in addition, PD-1/PD-L1 blockade combined with GM-CSF cell-based vaccines (GVAX) can also
improve prognosis of patients [28,29]. Notably, when we analyzed glycolytic subtype and hypoxic subtype using subclass mapping, we
found an interesting phenomenon that glycolytic subtype seemed to be more effective for anti-PD-1 treatment. In addition, we also
performed chemotherapy drug prediction using GDSC, and we found that two chemotherapy drugs, all-trans-retinoicacid (ATRA) and
Axitinib, had smaller ICsg in the glycolytic subtype, implying that the glycolytic subtype is more sensitive to these two drugs. Previous
studies have shown that ATRA inhibits tumor growth by restoring retinoic acid (RA) stores in pancreatic stellate cells, and in addition,
ATRA inhibits aberrantly activated pathways in pancreatic cancer [30-32]. Axitinib is an inhibitor of the vascular endothelial growth
factor receptor. Although a previous randomized phase 2 trial of gemcitabine combined with or without axitinib for advanced
pancreatic cancer showed a better outcome in patients treated with the combination of axitinib, the results of a subsequent phase 3 trial
were discouraging: axitinib combined with gemcitabine could not refine the outcome of patients with advanced pancreatic cancer
[33]. Hypoxia decreases the responsiveness of tumors to most anti-cancer drugs. This is because during prolonged hypoxia, most cells
end their lives by programmed death, however, some cells adapt to their environment and survive by avoiding necrosis and apoptosis.
Some tumor cells may even become more aggressive, and in a hypoxic environment, tumors adapt through activation of
hypoxia-inducible factor (hif). However, hif in turn increases the expression of genes related to angiogenesis, metabolic regulation, pH
homeostasis and apoptosis, thus enhancing the viability of tumor cells. The presence of the Pasteur effect in tumor cells gives them an
innate growth and replication advantage over somatic cells. Animal and cellular experiments by Milane L et al. demonstrated that
tumors derived from hypoxic cells had a higher MDR (the development of multi-drug resistance) than tumors derived from normoxic
cells in a mouse model. This was especially true at the margins of the tumors. Tumor cells formed by hypoxia exhibited more aggressive
growth [34-36].

Besides, when we studied SNP, we found that KRAS mutations were more frequent in the hypoxic subtype, and KRAS mutations are
one of the strongest oncogenic drivers in all cancers [37]. In animal models of pancreatic cancer, excision of KRAS mutations resulted
in complete or significant tumor regression, making KRAS mutations an important therapeutic target [38,39]. In pancreatic cancer, the
relationship between KRAS mutations and hypoxia involves complex interactions that enhance tumor survival and proliferation.
Specifically, the interaction between the Receptor for Advanced Glycation End Products (RAGE) and mutant KRAS increases under
hypoxic conditions, sustaining KRAS signaling pathways. These pathways include RAF-MEK-ERK and PI3K-AKT, both of which are
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Fig. 10. External validation of the prognostic model. (A, B) Kaplan-Meier curves showing survival in the high-risk and low-risk groups in the ICGC
and ArrayExpress cohorts, respectively. (C, D) Distribution of risk scores and overall outcomes distribution in the ICGC and ArrayExpress cohorts.
(E, F) the receiver operating characteristic (ROC) curves demonstrating the predictive power of the model in the ICGC and ArrayExpress cohorts.

instrumental in promoting cellular proliferation and survival under hypoxic stress [40].

Furthermore, mutant KRAS enhances the stabilization and activation of HIF1a by increasing its interaction with RAGE, leading to a
survival advantage in hypoxic tumor environments. This interaction particularly benefits pancreatic tumor cells by sustaining cellular
metabolism and supporting invasive characteristics through enhanced angiogenesis and anaerobic metabolism. This mechanistic
insight highlights the pivotal role of mutant KRAS in not only driving pancreatic tumorigenesis but also in adapting to the hypoxic
microenvironment, thereby supporting tumor growth and resistance to therapy [40].

We also constructed a prognostic model using glycolytic and hypoxic genes, demonstrating robust predictive power in both the
TCGA cohort and an external validation cohort. Lactate dehydrogenase A (LDHA), which converts pyruvate to lactate, is frequently
overexpressed and activated in various cancers. Numerous studies have highlighted the role of LDHA in promoting tumor progression
and invasion, making it a potential target for cancer prevention and treatment [41]. Conversely, research on POM121C in the context
of pancreatic cancer remains limited, necessitating further investigation.

We examined the relationship between different subtypes of pancreatic cancer and prognosis using glycolytic and hypoxic genes.
Our findings indicate that the glycolytic subtype is associated with a better prognosis compared to the hypoxic subtype. Additionally,
both immunotherapy and chemotherapy appear to be more effective for the glycolytic subtype. Our prognostic model, incorporating
glycolytic and hypoxic genes, demonstrated high accuracy across all three datasets.

5. Conclusion

Through clustering analysis, we identified distinct metabolic subtypes of glycolysis and hypoxia in pancreatic cancer and developed
a metabolic subtype-based survival prediction model. The hypoxic metabolic subtype was associated with a poorer prognosis, a finding
that was corroborated by subsequent tumor microenvironment and SNP analyses. TIDE analysis revealed that enhanced glycolytic
metabolism increases the sensitivity of pancreatic cancer to antitumor drugs and immunotherapy.

However, this study has notable limitations. Due to constraints, we were unable to perform protein-level validation experiments.
Additionally, we could not integrate our findings with the gene sequencing data from patients at our center, which may affect the
reliability of our conclusions.
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