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Metabolic reprogramming within the tumor microenvironment significantly affects cancer progression by shifting toward aerobic glycolysis and lactate production, while also supporting mitochondrial oxidative phosphorylation. The glyoxalase system, comprising GLO-1 and GLO-2, maintains metabolic homeostasis by neutralizing methylglyoxal (MG) byproducts. GLO-1 protects cells from damage by detoxifying MG via glutathione. In the curent study, pan-cancer analysis revealed elevated GLO-1 mRNA levels across various malignancies, exhibiting variable prognostic implications on patient survival: reduced survival in ACC, MESO, and SARC, and enhanced survival in KIRC and LIHC. GLO-1 activity is regulated by transcriptional and post-translational modifications, including phosphorylation, NO-mediated modification, and glutathionylation. The role of GLO-1 in survival and disease course differs depending on the specific cancer. GLO-1 levels were associated with immunotherapy markers like microsatellite instability (MSI) and tumor mutational burden (TMB), with positive correlations between GLO-1 and MSI in UCEC, TGCT, and STAD, and between GLO-1 and TMB in LUAD, UCEC, LIHC, MESO, SKCM, and READ. In terms of immune cell presence, GLO-1 was associated with increased endothelial and neutrophil cells, decreased T and B cell populations, and increased activated CD4 T cells, memory B cells, and type 2 helper T cells. In summary, our study highlights GLO-1 as a significant biomarker across multiple cancers that plays a key role in cancer progression, immune modulation, and therapeutic response.
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1 Introduction

Glyoxalase 1 (GLO-1) is a key enzyme in the glyoxalase system, catalyzing the conversion of methylglyoxal (MG) into S-D-lactoylglutathione, thereby mitigating the formation of advanced glycation end products (AGEs). The GLO-1 gene is located on human chromosome 6p21.2 (1, 2) Reduction in GLO-1 expression leads to the accumulation of MG, triggering apoptosis. To better understand GLO-1’s significance in cancer development, its functional role in cancer progression has been investigated (3). GLO-1 dysregulation has been implicated in various cancers, prompting the explorationof pharmacological and genetic strategies targeting cancer cells via GLO-1 modulation (4–6). GLO-1 is frequently upregulated in multiple malignancies (7, 8). This increased GLO-1 expression is associated with both cancer development and resistance to chemotherapy (9, 10).

The Warburg effect, a hallmark of cancer metabolism characterized by increased glycolysis (11), provides cancer cells with advantages such as enhanced proliferation, migration, survival, and resistance to drug therapies (12). In normal cells, glyoxalase 2 (GLO-2) plays a role in glutathione recycling, contributing to cellular redox balance and protection against oxidative stress. Cancer cells also utilize GLO-2 for similar functions, maintaining redox equilibrium and mitigating oxidative damage (2, 4). A key distinction is that GLO-1 expression levels vary in cancer; often being upregulated, while GLO-2 expression generally remains consistent in both normal and malignant cells. Both GLO-1 and GLO-2 contribute to cellular redox homeostasis, but in cancer cells, an altered redox state can promote survival and resistance to therapy (4). GLO-1 functions as a cellular defense enzyme by detoxifying MG (2). Impaired MG metabolism results in the accumulation of dicarbonyls, reactive metabolites that can interact with nucleotides and proteins, inhibiting cell proliferation and potentially inducing cell death (9, 10).

Studies employing cell culture models, patient samples, and tissue microarray analysis have previously shown that GLO-1 is overexpressed during melanoma progression (13). Furthermore, CRISPR/Cas9-based GLO-1 deletion and rescue experiments have uncovered a novel function for GLO-1 as a molecular regulator of invasion and metastasis in melanoma. This observation aligns with existing evidence demonstrating GLO-1’s control over epithelial-mesenchymal transition (EMT) and metastatic behavior in prostate carcinoma cells (14, 15). The growing body of evidence indicates that dysregulation of GLO-1 expression and activity may be a key factor in cancer initiation, progression, and the development of therapeutic resistance. This research aims to add to the current state of knowledge regarding the association between GLO-1 and cancer, as well as its potential clinical implications (2, 16).

Considering the potential tumorigenic role of GLO-1, we analyzed its pathological and prognostic value in a range of malignancies. Specifically, we investigated whether GLO-1 could serve as a positive prognostic marker and inform the development of more effective therapies, ultimately leading to improved patient outcomes. As a result, the present study provides a systematic evaluation of the GLO-1 gene’s role in cancer progression and development, encompassing an analysis of the impact of genetic modifications and mutations on GLO-1, as well as the protein’s immunotherapeutic function. Our findings establish GLO-1 as a promising prognostic biomarker with potential clinical significance in multiple cancer types.




2 Methods


2.1 Dataset information

A standardized pan-cancer dataset (TCGA TARGET GTEx, PANCAN, N = 19131, G = 60499), was downloaded from the UCSC XenaBrowser database (https://xenabrowser.net/). Expression data for the GLO-1 gene (ENSG00000124767) was extracted for each sample. Additional analyses were conducted on samples from various tissue types obtained from the database, including solid tissue (normal), primary solid tumor, additional primary tumor samples., normal tissue, primary blood-derived cancer (bone marrow), and primary blood-derived cancer (peripheral blood) (Supplementary Table S1).




2.2 Gene expression and survival analysis

We compared GLO-1 expression levels across 33 different cancer types (16, 17) using the TIMER2.0 web server and the GEPIA2.0 database. Specifically, the survival Mmp module within GEPIA2.0 was employed to perform survival analysis, assessing the correlation between GLO-1 expression and both overall survival (OS) and disease-free survival (DFS). Samples were stratified into high and low GLO-1 expression groups based on the median expression value.




2.3 Pathological stage analysis

We analyzed total GLO-1 protein expression in primary tumors and normal tissues using the Clinical Proteomic Tumor Analysis Consortium dataset accessed through the UALCAN portal (http://ualcan.path.uab.edu/analysis-prot.html) (4). We focused on breast, ovarian, and colon cancer datasets to examine the correlation between GLO-1 protein levels and clinical stages.




2.4 Analysis of genetic alterations

We employed the Cancer Genomics Dataset from the TCGA Pan-Atlas project, accessed through the cBioPortal (http://cbioportal.org), to investigate GLO-1 genetic alterations. This resource was utilized to identify mutations within the GLO-1 gene. Furthermore, we analyzed the mutation frequency across 17 cancer types using the TIMER2.0 database. Finally, copy number alteration data for GLO-1 were collected using the SangerBox tool.




2.5 Analysis of immune-related gene expression and immune infiltration

To explore the potential interplay between GLO-1 expression and immune regulation within the tumor microenvironment, we analyzed the correlation between GLO-1 expression and a comprehensive panel of 47 immune checkpoint (ICP) genes. This analysis was conducted using SangerBox, an established online tool for accessing and analyzing data from TCGA. Spearman’s rank correlation test was employed to assess the statistical significance of these correlations. Tumor mutational burden (TMB), microsatellite instability (MSI), and the level of immune cell infiltration were considered key determinants of the tumor microenvironment and potential modulators of the observed relationships.




2.6 Analysis of drug sensitivity using the gene set cancer analysis database

We investigated the relationship between gene expression and drug sensitivity using the Genomics of Drug Sensitivity in Cancer and Cancer Therapeutics Response Portal (CTRP) datasets, which contain data from cancer cell lines. Pearson correlation analysis was performed to assess the correlation between GLO-1 expression levels and susceptibility to small molecule drugs, as measured by IC50 values. Furthermore, the Tumor Immune Dysfunction and Exclusion algorithm was employed to evaluate the association between GLO-1 expression and response to immunotherapeutic interventions.





3 Results


3.1 GLO-1 expression and correlation with clinicopathological features in pan-cancer

Pan-cancer analysis of GLO-1 expression was performed using the SangerBox and TIMER2.0 databases. Compared to normal tissue, GLO-1 was significantly upregulated in 28 tumors, including GBM (Tumor: 6.73 ± 0.48, Normal: 5.37 ± 1.31, p = 6.7e−75), GBMLGG (Tumor: 6.58 ± 0.41, Normal: 5.37 ± 1.31, p = 8.5e−216), LGG (Tumor: 6.53 ± 0.37, Normal: 5.37 ± 1.31, p = 3.7e−178), BRCA (Tumor: 6.83 ± 0.68, Normal: 5.37 ± 1.31, p = 3.7e−179), EGFR (Tumor: 6.83 ± 0.68, Normal: 5.37 ± 1.31, p = 3.7e−179), CESC (Tumor: 6.44 ± 0.63, Normal: 5.91 ± 0.21, p = 1.2e−4), LUAD (Tumor: 6.49 ± 0.68, Normal: 5.87 ± 0.93, p = 3.5e−42), ESCA (Tumor: 6.78 ± 0.62, Normal: 5.25 ± 1.26, p = 6.3e−84), STES (Tumor: 6.44 ± 0.68, Normal: 5.13 ± 1.38, p = 3.6e−165), COAD (Tumor: 6.40 ± 0.52, Normal: 4.99 ± 1.67, p = 2.6e−90), COADREAD (Tumor: 6.43 ± 0.55, Normal: 5.01 ± 1.66, p = 1.9e−102), PRAD (Tumor: 7.81 ± 0.90, Normal: 6.52 ± 1.03, p = 4.7e−34), STAD (Tumor: 6.29 ± 0.65, Normal: 4.75 ± 1.64, p = 6.8e−64), HNSC (Tumor: 6.49 ± 0.60, Normal: 5.72 ± 0.54, p = 9.7e−15), LUSC (Tumor: 6.52 ± 0.66, Normal: 5.87 ± 0.93, p = 9.2e−48), LIHC (Tumor: 5.86 ± 0.76, Normal: 4.87 ± 0.60, p = 9.8e−38), WT (Tumor: 7.21 ± 0.38, Normal: 6.07 ± 1.49, p = 3.5e−35), SKCM (Tumor: 6.14 ± 0.83, Normal: 5.78 ± 0.39, p = 4.1e−11), BLCA (Tumor: 6.13 ± 0.74, Normal: 5.78 ± 0.33, p = 1.3e−3), THCA (Tumor: 5.64 ± 0.43, Normal: 5.29 ± 0.92, p = 7.8e−28), READ (Tumor: 6.50 ± 0.62, Normal: 6.02 ± 0.34, p = 4.8e−3), OV (Tumor: 6.59 ± 1.08, Normal: 6.11 ± 0.26, p = 5.6e−14), PAAD (Tumor: 5.58 ± 0.46, Normal: 3.62 ± 1.58, p = 1.0e−53), TGCT (Tumor: 6.01 ± 0.89, Normal: 4.47 ± 0.63, p = 1.3e−37), and UCS (Tumor: 6.72 ± 0.60, Normal: 5.74 ± 0.29, p = 5.2e-18). GLO-1 was significantly downregulated in KIRP (Tumor: 5.58 ± 0.68, Normal: 6.07 ± 1.49, p = 3.2e−21), KIPAN (Tumor: 5.74 ± 0.67, Normal: 6.07 ± 1.49, p = 3.0e−18), KIRC (Tumor: 5.86 ± 0.63, Normal: 6.07 ± 1.49, p = 5.5e−12), and KICH (Tumor: 5.54 ± 0.70, Normal: 6.07 ± 1.49, p = 4.2e−10) (Figures 1A, B). The association between GLO-1 expression and cancer stage was also assessed, revealing significant stage-dependent differences in BLCA (Stage I = 266, II = 57, III = 123, IV = 81, p = 2.4e−5), LIHC (Stage I = 169, II = 86, III = 85, IV = 5, p = 0.03), and TGCT (Stage I = 104, II = 13, III = 14, p = 0.02) (Figures 1C–E).

[image: A series of charts displaying expression data across various cancer types and stages. A. Violin plots show expression levels for tumor and normal groups across different cancer types.  B. Box plots illustrate Q6LO1 expression levels in several tumor and normal samples.  C-E. Box plots depict expression levels at different cancer stages: kidney renal clear cell carcinoma (KIRC), lung squamous cell carcinoma (LUSC), and testicular germ cell tumors (TGCT), with staging groups colored differently.]
Figure 1 | Analysis of GLO-1 mRNA expression in diverse cancer types and stages. (A, B) GLO-1 mRNA expression levels were compared between various malignancies and corresponding normal control tissues using SangerBox and TIMER 2.0. (C–E) GLO-1 mRNA expression levels are shown for multiple cancer types. Statistical significance is indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001. **** denote statistical significance of the differences in gene expression between tumor and normal tissues (or among clinical subgroups).




3.2 Impact of GLO-1 on cancer progression in pan-cancer

To investigate the prognostic value of GLO-1 across multiple cancers, we analyzed its impact on both overall survival (OS) and disease-free survival (DFS) in the pan-cancer cohort. Our findings revealed that elevated GLO-1 expression correlated with poorer OS in ACC, MESO, and SARC, but no such association was observed in KIRC or LIHC (Figure 2A). Furthermore, we confirmed that higher GLO-1 expression was significantly associated with reduced DFS in HNSC, SARC, and LIHC, but not in KIRC or COAD (Figure 2B).

[image: Panel A shows Kaplan-Meier survival curves for overall survival across different cancer types: ACC, KIRC, LIHC, MESO, and SARC. Panel B depicts disease-free survival curves for COAD, HNSC, KIR, LIHC, and SARC. Each chart compares high and low expression groups, with log-rank p-values indicating statistical significance. Both panels include a heat map at the top, displaying expression levels across various cancer types.]
Figure 2 | GLO-1 expression and TCGA cancers. (A) overall survival (OS) and (B) disease-free survival (DFS) were conducted using the GEPIA2 online tool, stratifying TCGA tumor samples based on GLO1 gene expression levels. The survival map and positive Kaplan-Meier curves are presented.




3.3 Analysis of genetic and epigenetic alterations

To characterize the spectrum of GLO-1 genetic alterations, we employed multiple bioinformatic resources. The cBioPortal database was queried to identify the types of GLO-1 mutations, revealing a predominance of missense mutations (Figure 3A). Mutation frequencies across various tumor tissues were then determined using the TIMER2.0 database, highlighting the highest rates in UCEC (5/531), STAD (4/439), and COAD (3/406) (Figure 3B). To assess the impact of copy number variations (CNVs) on GLO-1 genomic status, we utilized the SangerBox database. Statistical analysis revealed significant differences in CNV profiles across 17 distinct tumor types, including glioblastoma multiforme (Neutral = 146, Gain = 3, p = 0.03), GMBLGG (Neutral = 649, Gain = 7, p = 6.2e−3), CESC (Neutral = 278, Gain = 10, Loss = 4, p = 0.02), LUAD (Neutral = 465, Gain = 39, Loss = 7, p = 8.3e−5), COADREAD (Neutral = 362, Gain = 14, p = 3.9e−3), BRCA (Neutral = 987, Loss = 27, Gain = 69, p = 7.3e−8), ESCA (Neutral = 154, Gain = 21, Loss = 5, p = 2.6 e−3), STES (Neutral = 525, Gain = 52, Loss = 14, p = 5.3e-11), SARC (Neutral = 240, Gain = 9, Loss = 8, p = 4.2e−3), STAD (Neutral = 371, Gain = 31, Loss = 9, p = 3.9e−8), HNSC (Neutral = 490, Loss = 10, Gain = 12, p = 1.6e−4), LUSC (Neutral = 459, Loss = 18, Gain = 20, p = 1.4e−7), LIHC (Neutral = 352, Loss = 3, Gain = 12, p = 0.02), READ (Neutral = 85, Gain = 6, p = 1.1e−3), OV (Neutral = 337, Gain = 58, Loss = 21, p = 3.7e−6), UVM (Neutral = 76, Gain = 3, p = 0.03), and BLCA (Neutral = 362, Gain = 32, Loss = 11, p = 7.6e−6) (Figure 3C).

[image: A three-part diagram is shown. A) A bar graph and mutation plot display GLO1 mutations with highlighted A92V mutation, including exon positions. B) A bar chart depicts the percentage of samples with GLO1 mutations across different cancer types, labeled from UCEC to BRCA. C) A box plot shows GLO1 expression levels across various groups, marked by colors indicating neutral, gain, or loss, with statistical significance indicated by asterisks.]
Figure 3 | Analysis of GLO-1 genetic alterations in cancer. (A) Schematic representation of GLO-1 mutations, with indicated mutation types. (B) GLO-1 mutation rates across various TCGA cancer tissues. (C) GLO-1 copy number variation (CNV) analysis in various malignancies. Statistical significance is indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

To further investigate the potential regulatory mechanisms influencing GLO-1 expression in cancer, we examined DNA methylation alterations as a key epigenetic modification. Using the Gene Set Cancer Analysis (GSCA) database, a comprehensive resource for exploring gene-set enrichment and pathway analysis in cancer, we identified a negative correlation between GLO-1 expression and 18 distinct cancer types. These included ESCA, PRAD, MESO, COAD, LUSC, LIHC, BRCA, STAD, ACC, READ, LUAD, CHOL, HNSC, GBM, KICH, SKCM, SARC, and PCPG (Figures 4A, B).

[image: Graphical analysis of the correlation between GLO1 methylation and mRNA expression across different cancer types. Panel A shows a dot plot with correlations for each cancer type, color-coded by Spearman correlation. Panels B to G display scatter plots for specific cancer types (PRAD, LIHC, MESO, LUSC, ACC, LUAD) depicting negative correlations, illustrated by best-fit lines and shaded confidence intervals. Each plot includes correlation coefficients and false discovery rates.]
Figure 4 | Correlation between GLO-1 mRNA expression and DNA methylation. (A) Differential methylation of GLO-1 in tumor versus normal samples across various cancers. Red dots indicate increased methylation in tumors, and blue dots indicate decreased methylation. Correlation between GLO-1 mRNA expression and methylation in (B) PRAD, (C) LIHC, (D) MESO, (E) LUSC, (F) ACC, and (G) LUAD.




3.4 Correlation of GLO-1 gene expression with immunotherapy response

To elucidate the potential role of GLO-1 in modulating the response to cancer immunotherapy, we analyzed the correlation between GLO-1 expression and key immunotherapeutic biomarkers: TMB, MSI, and a panel of ICP. We observed a positive correlation between GLO-1 expression and MSI in UCEC, TGCT, and STAD, while a negative correlation was found in LUAD, LGG, and KICH (Figure 5A). GLO-1 expression also showed a positive correlation with TMB in several tumor types, including LUAD, UCEC, LIHC, MESO, STAD, SKCM, and READ (Figure 5A). However, a negative correlation between GLO-1 and TMB was observed specifically in KIRP tissue (Figure 5B). Additionally, GLO-1 expression demonstrated strong associations with both inhibitory and stimulatory ICPs, such as CD276, VEGFA, and HMGB1, across a majority of the analyzed cancer tissues. (Figure 5C).

[image: Radar charts A and B show gene expression data for MSI and TMB, highlighting genes with significant p-values in bold red. Chart C displays a correlation matrix of gene expressions, with colored triangles indicating correlation strengths and significance, accompanied by a color scale for correlation coefficients and a legend for inhibitory and stimulatory types.]
Figure 5 | Correlations between GLO-1 expression and immune markers, tumor mutational burden (TMB), and microsatellite instability (MSI). Correlation between GLO-1 expression and (A) MSI, (B) TMB, and (C) immune checkpoint genes. In (A) and (B), the range of values is indicated in black, and the correlation coefficient (r) is shown by the blue and red lines. Statistical significance is indicated as follows: *p < 0.05.




3.5 GLO-1 expression and immune cell infiltration

To investigate the relationship between GLO-1 expression and immune cell infiltration, we employed two distinct computational approaches: the TIMER database and the EPIC algorithm (Figure 6). Using TIMER, we identified significant correlations between GLO-1 expression and immune infiltration in 19 of the 35 analyzed tumor types (Figure 6A). These significant correlations were observed in various cancer types, including TCGA-LUSC, TCGA-MESO, TCGA-OV, TCGA-PAAD, TCGA-PCPG, TCGA-PRAD, TCGA-READ, TCGA-SARC, TCGA-SKCM-M, TCGA-SKCM-P, TCGA-SKCM, TCGA-STAD, TCGA-STES, TCGA-TGCT, TCGA-THCA, TCGA-THYM, TCGA-UCEC, and TCGA-UVM. Analysis using the EPIC algorithm revealed substantial correlations between GLO-1 expression and immune infiltration in a larger set of 41 cancer types (Figure 6B). These included TCGA-UVM, TCGA-PAAD, TCGA-TGCT, TCGA-UCS, TCGA-LAML, TARGET-ALL, TCGA-PCPG, TARGET-ALL-R, TCGA-KICH, and TCGA-CHOL.

[image: Heatmaps display correlation coefficients and p-values for various cancer datasets against different cell types. Panel A covers datasets like TCGA-KICH and TCGA-LGG, with color gradients indicating correlation strength from blue (negative) to red (positive). P-values are depicted in shades from light to dark, highlighting statistical significance. Panel B presents additional datasets like TCGA-DLBC and TCGA-PCPG with similar color coding. Legends at the bottom provide a scale for interpreting correlation coefficients and p-values.]
Figure 6 | Analysis of GLO-1 expression and immune cell infiltration in cancer using TIMER and EPIC databases. (A) Correlation between GLO-1 expression and the abundance of various immune cell types across 38 cancer types, as determined by the TIMER database. (B) Correlation between GLO-1 expression and immune cell infiltration across 41 of 43 cancer types, as determined by the EPIC algorithm.




3.6 Drug sensitivity analysis

We utilized the CTRP database to investigate the relationship between GLO-1 expression and sensitivity to a range of therapeutic agents. Our analysis revealed negative correlations between GLO-1 expression and several treatments, including omacetaxine, niclosamide, methotrexate, marinopyrole A, aporina, YM-155, STF-31, KX2-391, KPT185, GMX-1778, CAY-10618, and BI-2536 (Figure 7). Conversely, positive correlations were observed between GLO-1 expression and trametinib and NVP-TAE684 (Figure 7). Additionally, we explored the potential of GLO-1 expression to predict response to PD1 immunotherapy, finding significant associations in melanoma, glioblastoma, kidney cancer, and bladder cancer (Table 1).

[image: Bubble plot showing the correlation between CTRP drug sensitivity and GLO1 mRNA expression. Each bubble represents a drug, with size indicating the false discovery rate (FDR) and color showing the correlation strength. Larger bubbles denote lower FDR values. Drugs like “omacetaxine” and “mepepsuccinate” show notable correlations, depicted with color gradients from blue (negative) to red (positive).]
Figure 7 | Analysis of the correlation between GLO-1 expression and drug sensitivity using the Cancer Therapeutics Response Portal (CTRP) database. Red dots indicate increased drug sensitivity and blue dots indicate decreased drug sensitivity associated with higher GLO-1 expression.


Table 1 | Correlation between GLO-1 expression and response to immunotherapy in clinical studies.
	Cohort
	Cancer
	Survival
	Risk
	Count



	Liu 2019_PD1
	Melanoma
	OS
	3.552
	74


	Riaz 2017_PD1
	Melanoma
	OS
	2.011
	26


	Zhao 2019_PD1
	Glioblastoma
	OS
	1.413
	9


	Zhao 2019_PD1
	Glioblastoma
	PFS
	0.899
	9


	Liu 2019_PD1
	Melanoma
	PFS
	1.384
	74


	Gide2019_PD1 + CTLA4
	Melanoma
	OS
	1.325
	32


	Zhao2019_PD1
	Glioblastoma
	PFS
	0.821
	15


	Miao2018_ICB
	Kidney
	PFS
	1.074
	33


	Gide2019_PD1 + CTLA4
	Melanoma
	PFS
	0.994
	32


	Riaz2017_PD1
	Melanoma
	PFS
	1.318
	26


	Gide2019_PD1
	Melanoma
	OS
	0.61
	41


	VanAllen2015_CTLA4
	Melanoma
	OS
	1.267
	42


	Zhao2019_PD1
	Glioblastoma
	OS
	0.304
	15


	VanAllen2015_CTLA4
	Melanoma
	PFS
	0.711
	42


	Gide2019_PD1
	Melanoma
	PFS
	0.666
	41


	Miao2018_ICB
	Kidney
	OS
	−0.08
	33


	Liu2019_PD1
	Melanoma
	PFS
	0.207
	47


	Lauss2017_ACT
	Melanoma
	OS
	−0.027
	25


	Liu2019_PD1
	Melanoma
	OS
	−0.031
	47


	Nathanson2017_CTLA4
	Melanoma
	OS
	0.891
	15


	Braun2020_PD1
	Kidney
	PFS
	−0.468
	295


	Braun2020_PD1
	Kidney
	OS
	−0.443
	295


	Hugo2016_PD1
	Melanoma
	OS
	−0.758
	25


	Lauss2017_ACT
	Melanoma
	PFS
	−0.429
	25


	Mariathasan2018_PDL1
	Bladder
	OS
	−1.936
	348


	Riaz2017_PD1
	Melanoma
	OS
	−1.686
	25


	Nathanson2017_CTLA4
	Melanoma
	OS
	−2.048
	9


	Riaz2017_PD1
	Melanoma
	PFS
	−2.116
	25











4 Discussion

Metabolism dysregulation, a characteristic feature of numerous metabolic disorders, is also recognized as a significant driver of tumorigenesis (17). The uncontrolled proliferation inherent in neoplastic transformation necessitates not only the disruption of cell cycle control but also a coordinated reprogramming of cellular metabolism to sustain this aberrant growth—a concept recognized as a hallmark of cancer over a decade ago (18). Aerobic glycolysis, a fundamental metabolic adaptation in cancer cells, promotes the preferential fermentation of glucose to lactate through a process that also generates MG (18). While the association between aerobic glycolysis and cancer cell proliferation is well established, recent findings have demonstrated that metabolism plays a broader, crucial role in shaping diverse cellular functions through highly dynamic and adaptable processes (19). Such metabolic reprogramming is essential for tumor development, progression, and immune evasion, ultimately contributing to the establishment of an immunosuppressive microenvironment (Figure 8). Therefore, understanding the genes involved in this metabolic rewiring within tumors and their surrounding microenvironment is of critical importance (20). MSI and TMB have been identified as established immune predictive scores capable of estimating immunotherapy therapeutic efficacy and predicting treatment response (21, 22). Our pan-cancer analysis of GLO-1 revealed differential expression across various cancer stages, suggesting its potential as both a tumorigenic and prognostic marker. This analysis further revealed a complex interplay between GLO-1 and the tumor immune landscape. Specifically, we observed positive correlations between GLO-1 and both TMB and MSI in UCEC, TGCT, and STAD, but negative correlations in LUAD, LGG, and KICH. We also found a positive correlation between GLO-1 expression and TMB in LUAD, UCEC, LIHC, MESO, STAD, SKCM, and READ, with a contrasting negative correlation in KIRP tissue.

[image: Flowchart illustrating the metabolic conversion of glucose to pyruvate with methylglyoxal as a toxic byproduct. Methylglyoxal is detoxified by glutathione (GSH) and GLO-1 into S-D-lactoylglutathione. The diagram also shows the role of GLO-1 in cancer-related processes like angiogenesis, chemotherapeutic resistance, EMT, and metastasis. Additionally, NRF-2 and NF-kB are shown as regulatory elements.]
Figure 8 | Glyoxalase 1 (GLO1) in cancer: mechanisms and therapeutic targeting. GLO1 promotes tumor cell survival by detoxifying MG, a cytotoxic byproduct of enhanced glycolytic metabolism. Overexpression of GLO1 facilitates chemoresistance by preventing MG-induced DNA damage and apoptosis, highlighting its potential as a therapeutic target. Under conditions of GSH depletion and oxidative stress, GLO1 overexpression paradoxically contributes to MG accumulation, thereby promoting cancer development and progression. Created in BioRender. Alaseem, A. (2025) https://BioRender.com/9vf13o0.

In tumor cells exhibiting high rates of aerobic glycolysis, increased expression of GLO-1 appears to be a crucial adaptation, enhancing the detoxification of MG and contributing to resistance against multiple therapeutic agents (Figure 8) (23). Many antitumor drugs exploit the elevated MG levels characteristics of cancer cells to induce cytotoxicity and inhibit proliferation. The hypoxic conditions often present within tumor microenvironments further potentiate GLO-1 activity, thereby exacerbating this resistance mechanism (24). Thus, comprehensive insights into the intricate interplay between aerobic glycolysis and the glyoxalase system in cancer are essentialfor the development of novel therapeutic interventions (25).GLO-1 is emerging as a compelling therapeutic target, particularly in glycolysis-dependent tumors. Inhibition of GLO-1 impairs MG detoxification, leading to intracellular dicarbonyl stress that compromises cancer cell survival. In addition to small-molecule inhibitors, RNA interference techniques such as siRNA offer effective strategies for reducing GLO-1 expression. Emerging tools like CRISPR-Cas9 may enable precise modulation of GLO-1, providing opportunities for more targeted and controlled therapeutic interventions.

While direct inhibition of tumor glycolysis has been proposed as a seemingly straightforward strategy to deprive cancer cells of energy (25), studies targeting complex regulatory networks of glycolysis-associated genes have revealed a paradoxical increase in glycolytic gene expression, suggesting the existence of negative feedback mechanisms activated by tumor cells that can lead to unanticipated therapeutic outcomes (26, 27). Moreover, the inherent heterogeneity of tumors, even within a single tumor mass, contributes to the presence of diverse metabolic patterns and regulatory mechanisms, further complicating therapeutic strategies (26, 28). The glyoxalase system, of which GLO-1 is a key component that facilitates the glutathione (GSH)-dependent detoxification of MG, thereby mitigating cellular damage induced by endogenous cytotoxic metabolites (29). In hyperglycemic states, such as those observed in diabetes mellitus, MG production is significantly elevated. The efficient detoxification activity of GLO-1 helps maintain relatively lower plasma MG levels compared to glucose, underscoring its importance in preventing MG-mediated cellular damage and subsequent complications (30). Consequently, enhancing GLO-1 activity or expression in diabetic patients has been proposed as a therapeutic strategy to prevent and treat diabetes-associated complications. For instance, it has been shown the therapeutic potential of a biocompatible scaffold incorporating genes for both GLO-1 and β-klotho to reduce MG levels and reprogram diabetic adipose-derived stem cells (dADSCs) for the treatment of diabetic foot ulcers (31). Another study found that GLO-1 overexpression in dADSCs restored proangiogenic capacity in diabetic ischemic models (32). An imbalance in MG/GLO-1 homeostasis contributes to diabetic vascular complications, including MG-induced impaired neovascularization (33). In a related study, targeted overexpression of GLO-1 specifically in bone marrow cells of diabetic mice was shown to effectively restore neovascularization in ischemic tissues by protecting these cells from MG-induced damage (34). While this approach demonstrates therapeutic potential in the context of wound healing and diabetic complications, it raises concerns regarding potential pro-tumorigenic effects and contributions to cancer’s adaptive mechanisms. However, given the apparent protective role of GLO-1 under certain conditions, direct targeting of GLO-1 alone may not represent the optimal therapeutic strategy. This context-dependent role of GLO-1 in cancer necessitates further investigation into the underlying mechanisms and its therapeutic potential in this context. Emerging evidence supports the combination of GLO-1 inhibitors with immune modulators. Our findings suggest that combining immunotherapy with therapies targeting GLO-1 may offer a synergistic therapeutic benefit. Specifically, GLO-1 inhibition could potentially enhance the effectiveness of immunotherapy by creating a more favorable tumor microenvironment conducive to immune cell infiltration and cytotoxic activity. Furthermore, associations between GLO-1 and immunoregulatory markers as PD-L1, TMB, and MSI strongly support exploring combination therapies with immune checkpoint blockade to achieve enhanced synergistic effects. The clinical outcome of novel GLO-1 inhibitors will likely depend on tumor type, expression levels, immune infiltration, and treatment context. Preclinical validation of these combination strategies is essential to translate this bioinformatics analysis into clinical applications. A promising approach may involve the synergistic inhibition of both GLO-1 and MG, which could also positively impact other comorbidities. While such a combined approach might compromise GLO-1’s detoxification function the overall effect could ultimately be detrimental to cancer development.

Our observation of a positive correlation between GLO-1 and endothelial cells aligns with previous findings demonstrating the reliance of endothelial cells on aerobic glycolysis during blood vessel formation, suggesting a potential interplay between endothelial cell metabolism and cancer cell metabolism (35). This metabolic adaptation in endothelial cells may contribute to angiogenesis, a well-established hallmark of cancer associated with numerous negative prognostic factors in cancer pathology (18). This process can be particularly beneficial for solid tumors, facilitating their sustained growth and promoting metastasis to both adjacent and distant organs. This context may also contribute to the variable (pleiotropic) expression of GLO-1 observed across different cancer types and stages. Metabolic reprogramming in the tumor microenvironment plays a crucial role in cancer cell survival and progression. However, a functional screen in liver cancer identified GLO-1 as a potential tumor suppressor gene (36). Our study suggests that the observed negative correlation of GLO-1 in certain cancer types may represent an additional contributing mechanism. In solid tumors, glycolysis may serve functions beyond energy production. Consistent with this notion, studies in mouse models have shown that knockdown of GLO-1 using shRNA constructs leads to enhanced tumor growth, further supporting a complex and context-dependent role for GLO-1 in tumorigenesis and cancer progression (37). Indeed, GLO-1 appears to function as a dual mediator, exhibiting both oncogenic and tumor-suppressive activities. This functional dichotomy may be attributed to the specific context of the cancer type, including the underlying genetic background of the tumor cells and, importantly, their capacity for MG detoxification. Cancer cells with varying MG detoxification rates could therefore exhibit differential responses to MG-induced stress (14).

Multiple regulatory mechanisms, both transcriptional and post-translational, modulate GLO-1 activity. The GLO-1 promoter region contains multiple regulatory elements that allow transcription factors like AP-2α, AP-1, Nrf2, E2F4, and NF-κB to enhance its activity, leading to increased GLO-1 expression. Additionally, GLO-1 undergoes post-translational modifications, including phosphorylation, nitric oxide-mediated changes, and glutathionylation, further influencing its function and response to cellular conditions (14). The observed data may be influenced by these post-translational modifications, necessitating further detailed investigation to fully elucidate their roles. Our findings suggest that GLO1 methylation as a potential biomarker for gene expression regulation in specific cancers. The tumor-specific variability in GLO1 methylation may also explain differences in clinical outcome, such as immune evasion or therapeutic response.

Our previous studies have demonstrated the upregulation of GLO-1 expression in human malignant melanoma tissue. Furthermore, we found that melanoma cells transfected with siGLO-1 exhibited increased vulnerability to the cytotoxic effects of endogenously produced MG. We also observed a bimodal function of GLO-1 in the regulation of cellular carbonyl stress associated with MG addiction. In a separate study employing CRISPR/Cas 9-mediated deletion of GLO-1 in both in vivo and in vitro models, we established a novel function for GLO-1 in promoting melanoma cell invasiveness and metastasis. Despite these findings, the clinical significance of GLO-1 expression and its role in cancer immunopathology remains relatively unexplored (14, 15). Although some studies have shown that solid tumors with elevated glucose metabolism exhibit high glycolytic rates and consequently increased MG formation, it has also been reported that, in certain contexts, the accumulation of cytotoxic MG can lead to cell growth inhibition through apoptosis in cancer cells. Consistent with this, higher MG accumulation and increased apoptosis induction have been observed upon GLO-1 knockdown (38). In the present study, we evaluated the expression of the immune checkpoints CD276, CD44, TNFRSF14, and VSIR across a range of cancer tissues. Our analysis revealed a positive correlation between GLO-1 and CD276 and CD44, while TNFRSF14 and VSIR showed a negative correlation with GLO-1. Moreover, it has been shown that GLO-1 contributes to the maintenance of an immunosuppressive microenvironment through MG-H1-mediated upregulation of the immune checkpoint programmed death ligand 1 (PD-L1), thereby promoting cancer progression (39).

The results of the present study demonstrate an association between GLO-1 overexpression and advanced cancer stages, including breast cancer. This finding is supported by a recent investigation into the correlation between GLO-1 and PKCλ expression levels in human breast cancer, which also examined their combined influence on the prognosis of patients with late-stage disease. This study concluded that GLO-1 and PKCλ could serve as potentially effective therapeutic targets for the treatment of late-stage human breast cancer (40). In contrast, another report employing immunohistochemistry to evaluate GLO-1 expression in breast cancer found no significant difference between ductal carcinoma in situ and invasive tumors, with the majority of tumor samples exhibiting a GLO-1-IRS greater than 7, a value considered an appropriate cutoff for survival analysis (41). In the context of prostate cancer, a positive correlation between GLO-1 expression levels and both pathological grade and proliferation rate has been reported, suggesting that GLO-1 may function as a risk factor for prostate cancer growth and disease progression (42). A potential role for GLO-1 in the progression of colorectal cancer has also been indicated in other studies (43). In agreement with these findings across various cancer types, our study revealed that disease-free survival was significantly reduced in patients with high GLO-1 expression in HNSC, SARC, and LIHC, but not in KIRC or COAD.

GLO-1 has been implicated in protecting cancer cells from the cytotoxic effects of anticancer drugs in various malignancies (44). In the context of metastatic prostate cancer, elevated GLO-1 expression can contribute to the establishment of an immunosuppressive microenvironment, promoting the upregulation of programmed death ligand 1 (PD-L1) expression, a process mediated by 5-hydro-5-methylimidazolone. This, in turn, further exacerbates the progression of cancer tumors. A direct correlation between GLO-1 and PD-L1 expression levels has been confirmed in tissue samples obtained from patients with prostate cancer. Remarkably, the majority of GLO-1-positive samples exhibited high PD-L1 expression, which was associated with enhanced tumor aggression, invasion, and expansion, leading to metastasis and an increased likelihood of recurrence (39). Our findings provide further evidence supporting the potential of GLO-1 as both a valuable prognostic marker and a promising therapeutic target in cancer. While current clinical data supporting its clinical significance are limited, the established underlying molecular mechanisms suggest potential applications across a broad range of cancers, including non-solid tumors. This also suggests a potential role for GLO-1 in influencing therapeutic responses to various treatments and its potential interactions with immunotherapy agents. However, the variations observed in our study indicate that the therapeutic effectiveness of targeting GLO-1 may be dependent on the specific cancer type and its molecular context.




4.1 Study strengths and limitations

While this study provides valuable insights into GLO-1’s role in cancer, it has certain limitations that should be acknowledged. The potential pathways implicated in GLO-1’s function, including signaling regulation, maintenance of stemness, RNA alteration, and control of the tumor microenvironment, have been identified primarily through bioinformatic analysis and require further experimental validation using wet-lab approaches. Furthermore, a more comprehensive analysis of the correlation between GLO-1 mRNA and protein levels is necessary to fully elucidate the observed differences in expression. Additionally, it is crucial to unravel the involvement of GLO-1 in mediating response and resistance to chemotherapy, as numerous studies have highlighted the significant impact of drug tolerance development on treatment outcomes. Although our analyses demonstrate notable associations between GLO-1 expression and several cancer-related features, it is important to recognize that these findings remain correlative and do not establish causality. Therefore, validating these findings requires integrated in vitro, in vivo, and in silico studies. High-throughput in silico docking and structure-based drug design offer powerful approaches to accelerate the discovery of clinically relevant GLO-1 inhibitors. Future work should focus on identifying and optimizing small-molecule GLO-1 inhibitors that exploit tumor metabolic dependency on glyoxalase detoxification. These inhibitors should be rationally designed to synergize with other therapeutic modalities, improving selectivity and therapeutic profiles. Such efforts are crucial to complement preclinical validation and advance GLO-1-targeted therapies toward clinical development. Other approaches should also utilize GLO-1 knockdown and overexpression models to examine subsequent biological effects on therapeutic outcome.





5 Conclusions

In this study, we investigated GLO-1 expression in a diverse range of cancer types and analyzed its role in cancer immunopathology. Furthermore, we analyzed the complex interplay between cancer immunotherapy and GLO-1 expression by examining its association with key immunotherapeutic biomarkers, including TMB, MSI, and a panel of ICPs. Our findings suggest that GLO-1 contributes to cancer progression by fostering an immunosuppressive microenvironment through MG-H1-mediated upregulation of the immune checkpoint programmed death ligand 1 (PD-L1). Future studies employing targeted modulation strategies and combination therapies could provide substantial clinical benefits.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

AA: Conceptualization, Data curation, Funding acquisition, Project administration, Writing – review & editing. JA: Methodology, Validation, Writing – review & editing. GA: Conceptualization, Data curation, Formal Analysis, Investigation, Resources, Writing – original draft. MA: Formal Analysis, Investigation, Validation, Visualization, Writing – review & editing. KA: Investigation, Validation, Writing – review & editing. OA: Writing – review & editing, Supervision.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported and funded by the Deanship of Scientific Research at Imam Mohammad Ibn Saud Islamic University (IMSIU) (grant number IMSIU-DDRSP2501).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that Generative AI was used in the creation of this manuscript. The author(s) used generative AI to enhance language clarity, particularly for complex sentences. All content was subsequently reviewed and edited, and the author(s) take full responsibility for the final manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2025.1610886/full#supplementary-material




References

	 Yin, J, Ma, G, Luo, S, Luo, X, He, B, Liang, C, et al. Glyoxalase 1 confers susceptibility to schizophrenia: from genetic variants to phenotypes of neural function. Front Mol Neurosci. (2021) 14:739526. doi: 10.3389/fnmol.2021.739526, PMID: 34790095


	 Thornalley, PJ. The glyoxalase system: new developments towards functional characterization of a metabolic pathway fundamental to biological life. Biochem J. (1990) 269:1. doi: 10.1042/bj2690001, PMID: 2198020


	 Motomura, H, Ozaki, A, Tamori, S, Onaga, C, Nozaki, Y, Waki, Y, et al. Glyoxalase 1 and protein kinase Cλ as potential therapeutic targets for late−stage breast cancer. Oncol Letters. (2021) 22:1–11. doi: 10.3892/ol.2021.12808, PMID: 34093768


	 Hutschenreuther, A, Bigl, M, Hemdan, NY, Debebe, T, Gaunitz, F, and Birkenmeier, G. Modulation of GLO1 expression affects Malignant properties of cells. Int J Mol Sci. (2016) 17:2133. doi: 10.3390/ijms17122133, PMID: 27999356


	 Chiavarina, B, Nokin, M-J, Bellier, J, Durieux, F, Bletard, N, Sherer, F, et al. Methylglyoxal-mediated stress correlates with high metabolic activity and promotes tumor growth in colorectal cancer. Int J Mol Sci. (2017) 18:213. doi: 10.3390/ijms18010213, PMID: 28117708


	 Antognelli, C, Moretti, S, Frosini, R, Puxeddu, E, Sidoni, A, and Talesa, VN. Methylglyoxal acts as a tumor-promoting factor in anaplastic thyroid cancer. Cells. (2019) 8:547. doi: 10.3390/cells8060547, PMID: 31174324


	 Cheng, W-L, Tsai, M-M, Tsai, C-Y, Huang, Y-H, Chen, C-Y, Chi, H-C, et al. Glyoxalase-I is a novel prognosis factor associated with gastric cancer progression. PloS One. (2012) 7:e34352. doi: 10.1371/journal.pone.0034352, PMID: 22479608


	 Ranganathan, S, and Tew, KD. Analysis of glyoxalase-I from normal and tumor tissue. Biochim Biophys Acta (BBA)-Molecular Basis Disease. (1993) 1182:311–6. doi: 10.1016/0925-4439(93)90074-B, PMID: 8399366


	 Kang, Y, Edwards, LG, and Thornalley, PJ. Effect of methylglyoxal on human leukaemia 60 cell growth: modification of DNA, G1 growth arrest and induction of apoptosis. Leukemia Res. (1996) 20:397–405. doi: 10.1016/0145-2126(95)00162-X, PMID: 8683979


	 Kalapos, MP. The tandem of free radicals and methylglyoxal. Chemico-Biological Interactions. (2008) 171:251–71. doi: 10.1016/j.cbi.2007.11.009, PMID: 18164697


	 Warburg, O, Wind, F, and Negelein, E. Killing-off of tumor cells in vitro. J Gen Physiol. (1927) 8:519–30. doi: 10.1085/jgp.8.6.519, PMID: 19872213


	 Gatenby, RA, and Gillies, RJ. Why do cancers have high aerobic glycolysis? Nat Rev Cancer. (2004) 4:891–9. doi: 10.1038/nrc1478, PMID: 15516961


	 Bair, WB III, Cabello, CM, Uchida, K, Bause, AS, and Wondrak, GT. GLO1 overexpression in human Malignant melanoma. Melanoma Res. (2010) 20:85–96. doi: 10.1097/CMR.0b013e3283364903, PMID: 20093988


	 Antognelli, C, Cecchetti, R, Riuzzi, F, Peirce, MJ, and Talesa, VN. Glyoxalase 1 sustains the metastatic phenotype of prostate cancer cells via EMT control. J Cell Mol Med. (2018) 22:2865–83. doi: 10.1111/jcmm.2018.22.issue-5, PMID: 29504694


	 Jandova, J, Perer, J, Hua, A, Snell, JA, and Wondrak, GT. Genetic target modulation employing CRISPR/Cas9 identifies glyoxalase 1 as a novel molecular determinant of invasion and metastasis in A375 human Malignant melanoma cells in vitro and in vivo. Cancers. (2020) 12:1369. doi: 10.3390/cancers12061369, PMID: 32466621


	 Thornalley, PJ. The glyoxalase system in health and disease. Mol Aspects Med. (1993) 14:287–371. doi: 10.1016/0098-2997(93)90002-U, PMID: 8277832


	 Vander Heiden, MG, and DeBerardinis, RJ. Understanding the intersections between metabolism and cancer biology. Cell. (2017) 168:657–69. doi: 10.1016/j.cell.2016.12.039, PMID: 28187287


	 Hanahan, D, and Weinberg, RA. Hallmarks of cancer: the next generation. Cell. (2011) 144:646–74. doi: 10.1016/j.cell.2011.02.013, PMID: 21376230


	 Jones, W, and Bianchi, K. Aerobic glycolysis: beyond proliferation. Front Immunol. (2015) 6:227. doi: 10.3389/fimmu.2015.00227, PMID: 26029212


	 Dey, P, Kimmelman, AC, and DePinho, RA. Metabolic codependencies in the tumor microenvironment. Cancer Discovery. (2021) 11:1067–81. doi: 10.1158/2159-8290.CD-20-1211, PMID: 33504580


	 Xia, Y, Zhang, R, Wang, M, Li, J, Dong, J, He, K, et al. Development and validation of a necroptosis-related gene prognostic score to predict prognosis and efficiency of immunotherapy in gastric cancer. Front Immunol. (2022) 13:977338. doi: 10.3389/fimmu.2022.977338, PMID: 36159818


	 George, AP, Kuzel, TM, Zhang, Y, and Zhang, B. The discovery of biomarkers in cancer immunotherapy. Comput Struct Biotechnol J. (2019) 17:484–97. doi: 10.1016/j.csbj.2019.03.015, PMID: 31011407


	 PJ Thornalley, and N Rabbani eds. Glyoxalase in tumourigenesis and multidrug resistance. Seminars in Cell & Developmental Biology. London: Elsevier (2011).


	 Alhujaily, M, Abbas, H, Xue, M, de la Fuente, A, Rabbani, N, and Thornalley, PJ. Studies of glyoxalase 1-linked multidrug resistance reveal glycolysis-derived reactive metabolite, methylglyoxal, is a common contributor in cancer chemotherapy targeting the spliceosome. Front Oncol. (2021) 11:748698. doi: 10.3389/fonc.2021.748698, PMID: 34790575


	 Kim, J-Y, Jung, J-H, Lee, S-J, Han, S-S, and Hong, S-H. Glyoxalase 1 as a therapeutic target in cancer and cancer stem cells. Molecules Cells. (2022) 45:869–76. doi: 10.14348/molcells.2022.0109, PMID: 36172978


	 Martínez-Reyes, I, and Chandel, NS. Cancer metabolism: looking forward. Nat Rev Cancer. (2021) 21:669–80. doi: 10.1038/s41568-021-00378-6, PMID: 34272515


	 Yang, Y, Cui, H, Li, D, Gao, Y, Chen, L, Zhou, C, et al. Prognosis and immunological characteristics of PGK1 in lung adenocarcinoma: a systematic analysis. Cancers. (2022) 14:5228. doi: 10.3390/cancers14215228, PMID: 36358653


	 Hensley, CT, Faubert, B, Yuan, Q, Lev-Cohain, N, Jin, E, Kim, J, et al. Metabolic heterogeneity in human lung tumors. Cell. (2016) 164:681–94. doi: 10.1016/j.cell.2015.12.034, PMID: 26853473


	 Aragonès, G, Rowan S, G, Francisco, S, Yang, W, Weinberg, J, Taylor, A, et al. Glyoxalase system as a therapeutic target against diabetic retinopathy. Antioxidants. (2020) 9:1062. doi: 10.3390/antiox9111062, PMID: 33143048


	 Syed, NA, Bhatti, A, and John, P. Molecular link between Glo-1 expression and markers of hyperglycemia and oxidative stress in vascular complications of type 2 diabetes mellitus. Antioxidants. (2023) 12:1663. doi: 10.3390/antiox12091663, PMID: 37759966


	 Pang, N, Laiva, AL, Sulaiman, NZ, Das, P, O’Brien, FJ, and Keogh, MB. Dual glyoxalase-1 and β-klotho gene-activated scaffold reduces methylglyoxal and reprograms diabetic adipose-derived stem cells: prospects in improved wound healing. Pharmaceutics. (2024) 16:265. doi: 10.3390/pharmaceutics16020265, PMID: 38399319


	 Peng, Z, Yang, X, Qin, J, Ye, K, Wang, X, Shi, H, et al. Glyoxalase-1 overexpression reverses defective proangiogenic function of diabetic adipose-derived stem cells in streptozotocin-induced diabetic mice model of critical limb ischemia. Stem Cells Trans Med. (2017) 6:261–71. doi: 10.5966/sctm.2015-0380, PMID: 28170200


	 Nigro, C, Leone, A, Raciti, GA, Longo, M, Mirra, P, Formisano, P, et al. Methylglyoxal-glyoxalase 1 balance: the root of vascular damage. Int J Mol Sci. (2017) 18:188. doi: 10.3390/ijms18010188, PMID: 28106778


	 Vulesevic, B, McNeill, B, Geoffrion, M, Kuraitis, D, McBane, JE, Lochhead, M, et al. Glyoxalase-1 overexpression in bone marrow cells reverses defective neovascularization in STZ-induced diabetic mice. Cardiovasc Res. (2014) 101:306–16. doi: 10.1093/cvr/cvt259, PMID: 24259499


	 De Bock, K, Georgiadou, M, Schoors, S, Kuchnio, A, Wong, BW, Cantelmo, AR, et al. Role of PFKFB3-driven glycolysis in vessel sprouting. Cell. (2013) 154:651–63. doi: 10.1016/j.cell.2013.06.037, PMID: 23911327


	 Zender, L, Xue, W, Zuber, J, Semighini, CP, Krasnitz, A, Ma, B, et al. An oncogenomics-based in vivo RNAi screen identifies tumor suppressors in liver cancer. Cell. (2008) 135:852–64. doi: 10.1016/j.cell.2008.09.061, PMID: 19012953


	 Nokin, M-J, Durieux, F, Peixoto, P, Chiavarina, B, Peulen, O, Blomme, A, et al. Correction: methylglyoxal, a glycolysis side-product, induces Hsp90 glycation and YAP-mediated tumor growth and metastasis. Elife. (2024) 13:e96613. doi: 10.7554/eLife.96613, PMID: 38319293


	 Zhang, S, Liang, X, Zheng, X, Huang, H, Chen, X, Wu, K, et al. Glo1 genetic amplification as a potential therapeutic target in hepatocellular carcinoma. Int J Clin Exp Pathology. (2014) 7:2079., PMID: 24966916


	 Antognelli, C, Mandarano, M, Prosperi, E, Sidoni, A, and Talesa, VN. Glyoxalase-1-dependent methylglyoxal depletion sustains PD-L1 expression in metastatic prostate cancer cells: a novel mechanism in cancer immunosurveillance escape and a potential novel target to overcome PD-L1 blockade resistance. Cancers. (2021) 13:2965. doi: 10.3390/cancers13122965, PMID: 34199263


	 Motomura, H, Tamori, S, Yatani, M-A, Namiki, A, Onaga, C, Ozaki, A, et al. GLO 1 and PKCλ regulate ALDH1-positive breast cancer stem cell survival. Anticancer Res. (2021) 41:5959–71. doi: 10.21873/anticanres.15415, PMID: 34848450


	 Scheifele, C, Zhu, Q, Ignatov, A, Kalinski, T, and Nass, N. Glyoxalase 1 expression analysis by immunohistochemistry in breast cancer. Pathology-Research Practice. (2020) 216:153257. doi: 10.1016/j.prp.2020.153257, PMID: 33142109


	 Baunacke, M, Horn, LC, Trettner, S, Engel, KM, Hemdan, NY, Wiechmann, V, et al. Exploring glyoxalase 1 expression in prostate cancer tissues: targeting the enzyme by ethyl pyruvate defangs some Malignancy-associated properties. Prostate. (2014) 74:48–60. doi: 10.1002/pros.22728, PMID: 24105621


	 Sakellariou, S, Fragkou, P, Levidou, G, Gargalionis, AN, Piperi, C, Dalagiorgou, G, et al. Clinical significance of AGE-RAGE axis in colorectal cancer: associations with glyoxalase-I, adiponectin receptor expression and prognosis. BMC Cancer. (2016) 16:1–14. doi: 10.1186/s12885-016-2213-5, PMID: 26931562


	 Thornalley, P. Protecting the genome: defence against nucleotide glycation and emerging role of glyoxalase I overexpression in multidrug resistance in cancer chemotherapy. Biochem Soc Trans. (2003) 31:1372–7. doi: 10.1042/bst0311372, PMID: 14641066







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Alaseem, Aldali, Alasiri, Alhujaily, AlHussaini and AlKhamees. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-15-1610886-g001.jpg
c %g Skkk bk bk | dekkk bkk ok ok ik sk sk solkk skk diokk dkiokk dkokk dkkokk dokk diokk ik kiokk bk kb bk kiokk kol kol bk bk kkkk bkt kb bk
0
w1
Group
¢
0]
é g +¢* * *+ “?1* H Tumor
""_Eg H Normal
=15
=20
I AT T T I T T g I I TI3F 8 NN
@ &« @ 2 mx% 4)'\ é’% @q @% &8 6@ 30;a @m &x R $ A)« & ¢ &q;g% ,p%e Qe%% " g;e«% 4;; 0)4)« R Qq
VY % ¢ 7’ P /\ o
ﬁﬁfgfﬁfyffff§&»&§f§f§§§& «Qéff”ﬁgﬁ
PP BV A U I I I »P P x/\x RAAVAIRN
PELLY L é‘««’v & & g o PEL LY
SO S 8L LL \ P 8 \\o AR
®¢¢&vé’°@@@§§§§0$W‘&®§c&@% S é*°&
FFETLEIFEFFILEFTC £ g F& VS
Q N
0 (/0
B.

GLO1 Expression Level (log2 TPM)

©

o

Expression

S STe3IroroIE80aNoNDEr SEToon
FESII T 5T23I-8TRISS8LITIREL SRICTES
ST2RES CITCTRiNTIRSRIRTIIRELS il

L312iiy DEL R elieeeyinty 11si:c1
SLecesccse Lol S dg e =c o LE3LEFE
s ST 5T T E5L ST eEL s ST SrLE Lo ST e T EC
ExEsgss sEEs5Es5EsEesetsEsEss s5EsEs
sgEERSS 5525552582528 585555 SE5E=25=25§
255c5ss Bdg=dcgodsecdaacde=s LR
SE3835% 5833388223 0FCELEES ZEECEEED
m%%uln&?jl' S8°ePhao X T Xexxx g2 ETReEEET
<O < Q
2EQ¢ 22
@ [salyeay II
D. E.
° Py Group ° Group °
®Stage ®stage
®stage ! _— ®stage !
[ ®stage il s ®5tage o
‘ - ®stage IV ®stage Iv

7 ‘ 7 74

°1 ge E';. £

s s s

KIRC(Stage 1=266,1=57 ll=123,IV=81)

LIHC(Stage =16911=86,1=85,IV=5)

Group
®stage 1
®stage !

®stage i
®5stage v

TGCT(Stage 1=104,1=13,l=14)





OEBPS/Images/fonc-15-1610886-g003.jpg
A92v
.

o o

suoREINN LOTO #

184aa

100

Exon

90T/T  rYoug
616/1 £ YUNT-Y2ug
L1851 ravm
j4:1708 £osM
T/t rA0
0LE/T FodIX
mom\ml rOSNH
:ENI rvo18
mov\ml r"AdH-OSNH
mwﬁ:I F¥253
mom\ml FOHN
w::I rQavvd
ooEI +Qv0D
Hmm\mI £3n
T T T T —
i 0§ & 8 8
o =} =] o

_ _ o
UoneIN 019 LM 3(duies Jo 9

Group

O Neural
OGin

ffﬁﬁﬁ#ﬁ%wwﬁpﬁwﬁmh%pﬁrPﬁ#.m

10
5
0
5

-10

uorssardx





OEBPS/Images/cover.jpg
& frontiers | Frontiers in Oncology

Glyoxalase 1 gene expression in various
types of cancer cells immunopathology: a
pan-cancer analysis study





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-15-1610886-g004.jpg
mRNA expression

Correlation between methylation and

GLO1+ o 0o =«

X S PO O S OO
OXXS RN
BT LRIE s

Spearman correlation between GLO1 methylation and mRNA
expression in PRAD

1257

Methylation (Beta value)
8 at 8

&

Spearman correlation between GLO1 methylation and mRNA
expressionin LUSC

g

Methylation (Beta value)
®

8

" 13

12
Expression og2(RSEM)

o

0oo0o0 o000 o0oO0 o o

SR>

Cancer type

Spearman correlation between GLO1 methylation and mRNA
expression in LIHC

O P L0 P 0.0V o o€ R N ol R O 0@ P O N O W O
RS OE DA AR ERICICON SASMOS AN AR DL AN IO

101

°
E
s
9081
]
g
§
§ Pas TS
5081
3
L .
' .
R 1 )
Expression log2(RSEM)
Spearman correlation between GLO1 methylation and mRNA
expression in ACC
207
2
H
g
30.50
g
&
205
o
2
0%
o w s
Expression log2(RSEM)

o FOR

© 005
o o0
0 0001
0 <=0.0001

FDR

° <aos
5005

Spearman correlation between GLO1 methylation and mRNA
expression in MESO

R 8 2

Moethylation (Beta value)

g

95 100 105 110 15
Expressionlog2[RSEM)

Spearman correlation between GLO1 methylation and mRNA
expression in LUAD

Mothylation (Beta value)
e
&

10 1

12
Expression og2(RSEM)





OEBPS/Images/fonc-15-1610886-g006.jpg
0.18
0.17
0.23
0.20
H0.15
0.27
H0.16
011
0.15
-0.14
023
0.10
0.13
-0.14
032
-0.14
0.20

-0.14
0.20
017
021

- 031
|

Ll

#hxk

‘”‘V‘” 0347, 026 026
“”-0.10 ‘0.31 9 0.15 *”0.12
““0.12 ”0.18 ““0.25 ““0.27 “”0.30
"“-0.14 ‘-0.14 o 019
el 016,020
“‘-0,16 o 0.13 “—0‘09
" Q.15 =

= I G, a5, 018
"‘-0.18 R B
‘“-0.13 ** ““0.20 *REK
e 2L 014
** 025 #%

“0.11 “‘O.II "0.19 ”“0.18 “”025
*:'0'26 ”“mﬂﬂ *5EE “”0.14
"-0,19 78t .10 ‘-0.13
- 031 il

“-0,17 o .14 ”—(l.12

** *ERE

o g g,
0.24

.

‘-0.29 Ak
* HhAE

: P -
* 025 *
g 025 ”‘0.30
0, o ;|0.17 w0, 007
e #EE
215 #Ex ”“0.15 *rEE
-0.10 L1000 4
022
e,
—0'17 b ‘
b
o, 04 018
-0.20 i 028 02U A
N % ) o "]
g & & & 9
e\\ (}\ N \“Q
N N S

correlation coefficient

— |

—0.5 0.0 0.5
pValue

—

00 05 1.0 15 2.0

4]

4]

#hkH]

*x¥

¥

-

#hek]

#heH]

4]

E

#

*

*

*

#hek]

¥

*

¥

TCGA-KICH(N=65)
TCGA-TGCT(N=132)
TCGA-PRAD(N=495)
TCGA-KIRC(N=528)
TCGA-CESCN=291)
TCGA-SKCM-MN=351)
TCGA-STES(N=569)
TCGA-ESCAN=181)
TCGA-HNSC(N=517)
TCGA-BRCA(N=1077)
TCGA-LGGN=504)
TCGA-LUSCN=491)
TCGA-PCPG(N=177)
TCGA-KIPAN(N=878)
TCGA-THCA(N=503)
TCGA-SKCM(N=452)
TCGA-UVMQN-T9)

+| TCGA-STAD(N=389)

””0.32 tut’ *EkH]

TCGA-PAAD(N=177)
TCGA-CHOL(N=36)
TCGA-MESO(N=85)
TCGA-SARC(N=258)
TCGA-THYM(N=118)

o] CoA-GBMN-15)

TCGA-READ(N=91)
TCGA-UCEC(N=178)
TCGA-OV(N=417)
TCGA-COAD(N=282)
TCGA-GBMLGG(N=656)
TCGA-LUAD(N=500)
TCGA-UCS(N=56)
TCGA-KIRP(N=285)
TCGA-DLBO(N=46)
TCGA-LIHC(N=363)
TCGA-COADREAD(N=373)
TCGA-ACCN=T])
TCGA-BLCA(N=405)
TCGA-SKCM-P(N=101)

s 03 4y a0 5009 £xk
010,404 -008 4 D205 025450,
020 p5 020555 0204554013 30200 017 44
02504s 02744 016 405 019 44 0834454017 5
02, 009,019,026, 016 4y
0Dx4ss 030 00 0 1R 0100 030404
e, 015 4o 0577,
02844 0000 D14 4 0Dy 01103244,
IR 4 DDyias DIR 4y 020 444
017 43y IR 4o 08 IS 01T 02440y
OIS 4405 43,020 10017 4, D17 012,005 44

021, I8 OB, 00,00, 029 4y0s
, hE m
—017 !”—O'IA '!‘0'2&111 0'20113‘
5,
016 4,020 4
009 4,010 4,007
o1,
00,
0, A7 005,

| |

019,022 ,,028,,,020 025 ,, T,

026,
022 44
*k|

014,
P
LS.
‘0'26 *xkk|

‘0.293*“ ‘0‘2‘&3&‘
5 ol
025

()11, 8 0217, 0%,
032444

026, 02,
“01] ** 029 4y
|

1 e 015 i

032 444

015 yax
A2y

Qa0

o>, 01,
90,015 OB ,,00 ,

OB,
‘0'15‘l$‘031 ilt!'o'l7!$l$'0'ln !Q‘u‘slitﬂt
015 !".0'2"‘*‘*

|

o,

*

a8,

kE Hkx

*

<

O,
o,

- - -

029 454

013 44y

ol

o, 029,,,019

‘-017 ¥

022 441

»

0%,

correlation coefficient

|

0.5 0.0 0.5
pValue

—

00 05 1.0 1.5 2.0

TCGA-TGCT(N=132)
TCGA-BRCAN=1077)
TCGA-LUSCN=491)
TCGA-THCA(N=503)
TCGA-STES(N=569)
TCGA-KIRC(N=528)
TCGA-LUAD(N=500)
TCGA-SKCM-MN=351)
TCGA-STAD(N=388)
TCGA-SKCM(N=452)
TCGA-HNSCQN=517)
TCGA-COAD(N=282)
TARGET-ALL-R(N=99)
TCGA-COADREAD(N=373)
TCGA-ESCANN=181)
TCGA-SARC(N-259)
TCGA-KIPAN(N=878)
TCGA-LGGN=504)
TCGA-THYM(N=118)
TCGA-CESCN-291)
TCGA-CHOL(N=36)
TARGET-LAML(N=142)
TCGA-KICH(N=65)
TCGA-LAML(N=214)
TCGA-UCS(N=56)
TARGER-WT(N=80)
TCGA-BLCA(N=405)
TCGA-PCPG(N=177)
TCGA-KIRP(N=285)
TARGET-ALL(N=86)
TCGA-GBM(N=152)
TCGA-ACC(N=T1)
TCGA-UCEC(N=178)
TCGA-GBMLGG(N-656)
TCGA-READ(N=91)
TARGET-NB(N=153)
TCGA-SKCM-P(N=101)
TCGA-PRAD(N-495)
TCGA-DLBC(N=46)
TCGA-PAADN=177)
TCGA-MESO(N=85)
TCGA-UVM(N=19)
TCGA-LIHC(N=363)
TCGA-OV(N=417)






OEBPS/Images/fonc-15-1610886-g008.jpg
‘E L -EMT
\,' ‘/ - Metastasis
Glutathione
(GSH) oy GLO-1

Methylglyoxal (MG) _‘,,

(Toxic Byproduct)

- Angiogenesis
- Chemotherapeutic
- Resistance

S-D-lactoylglutathione






OEBPS/Images/fonc-15-1610886-g007.jpg
Correlation between CTRP drug sensitivity

and mMRNA expression FDR
© <=0.05
>0.05
GLO1{ © © O O O © O O O O o O @ o FOR
© 0.05
O o.01
T T T T T T T T T T T T T T O o.001
g > A ~ - > O <=0.0001
Q/Q;b Q’.\\l\@/qﬁb \QQ;\ i N < N ‘L/%Q «Q;b@;{o o<‘°® B o\ev@_&\o'o &@ec}&}e
Q,V‘ & ovt\ 0“:\~ T gF &Y X &L ¥ ‘a@o\ S eﬁ_,oc' Correlation
< ST« I B
< <@
Q,é S 0.0

— 0.2
Drugs





OEBPS/Images/fonc-15-1610886-g002.jpg
ENSG00000124767.6

A

Percent survival

Percent survival

ENSG00000124767.6

B

Percent survival

Percent survival

s [l

ey

¥ o o
P R

Overall Survival

© P
@
Fo¥E

Ll

N € KL
§$p+ gwng

Overall Survival

&

i

Y

>

O
O\/ C;“ @@o

Overall Survival

[

S P L2 S F
W&;éyé¥g~¢ S

SO0 A

Overall Survival

O 2
S E F

4 — LowGh1 Group 2 — Low Glot Growp 2 — Low Giot Group, 2 — Lou Ghl Gow
— 1ih Son Group = Tiioh Bt Group = Figh a1 B = Fiaih Gt Groumy
Logrank p=00012
2 3 1R (a10=06 2 2
3 3 PHR-0.001
nihign=258
ow-n | 8 nlowy=750 3 )= 187 3 davp=s1
z | sz sz s g
H H 23 g
2 E 3 § 3 5 3
bR 3 3 g4
H H g4
T T T I T r | e e e T T T T
o Y 100 160 o 2 o e @ 10 120 o B o © &
Months Months Months

10

ou

WHRI=0 0011
nivigh) 131
no=131

as
L

04

02

o 0 100 160
Months.

SARC

¥ o
p%yépdg

(GLO)

Disease Free Survival

[

o
¥

@

O

I:.:I

d”&‘&
7O S

Disease Free Survival

§\§ F

D

\/

§§<%W

Disease Free Survival

ID

@cﬁa(pgf4 KPS i

& @é

Disease Free Survival

10

— Low o1 oow
—Hg ¥ Sy
Loirank 0=0.030
Tecihign 06
P-0057
aipi=135
oy 135

08

be 08

a2z

aa

Percent survival

10

— Low Glot Group
— Figh Gilot Cratp.
Logrank p=0.014
Hid(ugny 15
BH)-0015
nibig)=258
now) 260

o8

as

Percent sunvival

a6 o8

04

a0

— Low Glo1 Grmun
T Figh Giot Croup
Logrank p=0.02
Hidgn) 085
RHIR-0021
(igh=258

Percant survival

10

— Low Glot Group
T Figh Glot Srotp.
Logrank p=0.0019
Hitgigh) 1.6
POHIR)-0002
ahigl=102
ion)-182

oz

Months.

COAD

Disease Free Survival

? — Low Got Growp

= Hioh 3fen Grotp

Logrank p-0015

3 HRiiahy=1.5

H PHRI=0015S

ngh) 131

- ndom=131
2
3
3
2

o w0 o 1400

Months.

SARC

3
3
g
° ™ T T T
0 50 100 150 200
Months.

HNSC

T
© 2 o © & 10 120

Months.

KIR

140

2

8

3

g

8

o 2 4w o s 10 120
Months.

VRN

03

[ b

Tog10HRY

025
000





OEBPS/Images/fonc-15-1610886-g000.jpg
GLO-7in Cancer Cells Immunopathology: A Pan-Cancer Analysis R

Y p—
Osamurs @ sarwirn

TCGA
TARGET GTEx PANCAN
N=19131, G = 60499
UCSC XenaBrowser

UALCAN portal






OEBPS/Images/fonc-15-1610886-g005.jpg
MSI

Unpags GBMP=012 oypu
PCRG P-0.18
0.38

AccP-072

Uosp-0z8

TMB

UWp=037 GBMP-081 oy,
PePG P03
0.27

AcCP-029

1

Uosp-oss PRADP-O7Y

KoHP-037
ougcp-acss aucaP-a7e oL8CP=0aT BLoAP-05
AeAD Poo21 esoneozs esonp0zs
LA peozr oarDpo03t L peose ParDPe0st
s pao7s Krep0s2 e
THOAP=0 052 e THOAPe084
KIRC,P=0.087 CESCP=04 KIRGP=089 cesc =067
cHoLpose sancpo7e ik s
scom aronpeoss ianss:
oADP-o081 MESOP=0.18 coAnv:aw
C.
229 By DT A AT A A correlation coe
B e A [
T T Y VY ey —1.0-0.50.0 0.5 1.0
A Ry ey e | oo pVvalue
a4 Ly Y s v iy
P= P s PR EY o w o ok ow ok oo 0.5 1.0
. . Type:
i:‘ 1 ‘1“***i:4 2 4 - 5 € nhibitory
4 Stimulaot
SdLAV LV d - AAL MMM L~ ﬂ*g imutacty
Jaad; 4 4 idd it
Adidd -dd~-~ < 4 dd~ V]
Al - 444 F Ve &
P Y ey V) - e
1 MM~~~ « M4 * Add -4
d-d -~ -dd Jdiddid
« <Ml ML~ - w x
LAy A Py B A
. w e 4 A Add o
» o+ M M-AMMdid Add - *
4 - AAA‘* LY |

*
*
F oKk
*

BT TR e
M N N

T\

YRV P Ml
iitaaatddidia
:j*;’:;i:::, 4
A4 - L |
e o

Sy IES
4y -ddg

*

4

2 Sa>eS oS
SSESSE
O





