
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

Qin et al. Biological Procedures Online           (2025) 27:42 
https://doi.org/10.1186/s12575-025-00294-1

explored the design and development of ferroptosis-
based anti-cancer drugs as a novel approach to tumor 
treatment [2]. Further, cuprotosis is another hot topic in 
anti-tumor research. It occurs through the direct bind-
ing of copper ions to lipid acylated components of the 
tricarboxylic acid cycle in mitochondrial respiration, 
leading to lipid acylated protein aggregation and subse-
quent downregulation of iron-sulfur cluster proteins, 
resulting in proteotoxic stress and ultimately cell death 
[3]. Many studies, both in preclinical and clinical set-
tings, have investigated the interaction of magnesium 
with key mediators of the physiological stress response 
and have demonstrated that magnesium plays an inhibi-
tory key role in the regulation and neurotransmission of 
the normal stress response [4]. However, the association 
between magnesium homeostasis and tumor develop-
ment and progression is still unknown.

Introduction
Cancer is the second leading cause of mortality world-
wide, with its incidence and mortality increasing every 
year [1]. Hence, there is an urgent need to explore and 
study the mechanism of tumor genesis and development. 
Recently, there has been an increasing interest in the rela-
tionship between metal ion metabolism and tumor devel-
opment. For example, ferroptosis is an iron-dependent 
form of regulated cell death, and several studies have 
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Abstract
Introduction: Magnesium homeostasis is critical for cellular growth and metabolism, yet its pan-cancer implications 
remain poorly characterized. This study aims to comprehensively analyze magnesium homeostasis across 33 
cancer types, exploring its role in tumorigenesis, immune regulation, and therapeutic potential. Key magnesium 
homeostasis-related genes (e.g., ANK3, CNNM2) were significantly downregulated in most tumors, correlating with 
improved prognosis. Magnesium homeostasis scores (MHS) were reduced in cancers and linked to lower tumor 
mutational burden (TMB), microsatellite instability (MSI), immune dysfunction, and checkpoint gene expression. 
Single-cell sequencing revealed elevated MHS in CD8 + T cells, suggesting immune modulation roles. Conclusion: 
These findings highlight magnesium homeostasis as a regulator of tumor progression and immunity, with 
MHS serving as a prognostic biomarker. Targeting magnesium pathways may offer novel therapeutic strategies, 
warranting further clinical validation to advance personalized cancer therapies.
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Magnesium is one of the major cations in biological 
systems. As a cofactor of ATP, Mg2+ is involved in more 
than 600 enzymatic reactions and is pivotal for numer-
ous biological mechanisms, including DNA transcrip-
tion, protein synthesis, and energy metabolism [5]. It 
also regulates immune function, acting on the cells of the 
innate and adaptive immune system. Magnesium defi-
ciency promotes phagocytosis, enhances granulocyte set 
oxidative burst, activates endothelial cells and increases 
the level of cytokines, thus promoting inflammation [6]. 
In addition, most ATP in the cell is Mg2 + complexed 
and most ATPases use Mg-ATP [7]. Thus, alterations in 
Mg2 + could have significant consequences for energy 
producing and utilizing enzymes. Although the large 
number of enzymes and transporters modulated by 
Mg2 + presents an opportunity for the cell to coordinately 
alter cell function [8]. Thus, it is important to maintain 
and regulate magnesium levels according to the meta-
bolic state of the cell [9]. Disturbances in magnesium 
homeostasis lead to magnesium deficiency which is com-
mon in various diseases, including diabetes, cardiovascu-
lar diseases, chronic fatigue, alcoholism, and psychiatric 
and neurological disorders. Severe hypomagnesemia may 
lead to disorders of the neuromuscular and cardiovas-
cular systems [10]. Reduced intracellular Mg2+ levels 
also inhibit cell cycle progression, and therefore Mg2+ 
is associated with impaired cell growth [11].Further, in 
magnesium-deficient mice, low magnesium both lim-
its and promotes tumorigenesis, as tumor growth inhi-
bition at their primary sites were observed along with 
increased metastatic colonization [12].On the one hand, 
magnesium deficiency impairs the function of immune 
cells, reducing their ability to recognize and destroy 
tumor cells. On the other hand, disruption of magnesium 
homeostasis may also affect the tumor microenviron-
ment, such as by regulating the production and release of 
inflammatory cytokines, which in turn affect the infiltra-
tion and function of immune cells.

First, magnesium is essential for DNA transcription 
and protein synthesis, a fundamental process of cell 
division and growth. Magnesium deficiency can lead to 
errors in these processes, potentially leading to muta-
tions and abnormal cell proliferation. This can create an 
environment conducive to the development of tumors.

Secondly, magnesium plays a regulatory role in 
immune function, affecting innate and adaptive immune 
responses. It has been shown to regulate phagocytosis, 
granulocyte oxidative breakdown, endothelial cell activa-
tion, and cytokine production. By affecting these immune 
processes, magnesium can influence the inflammatory 
response, which is often uncontrolled in cancer. Magne-
sium deficiency may cause an immune system imbalance, 
allowing cancer cells to evade immune surveillance and 
proliferate.

In this study, we conducted comprehensive analyses of 
differential gene expression, protein interaction, path-
ways, and prognosis of magnesium homeostasis-related 
genes in the pan-cancer environment. We identified 13 
genes related to magnesium homeostasis and investi-
gated the related functions of magnesium homeostasis 
at the single-cell level for elucidating the relationship 
between magnesium homeostasis and pan-cancer. We 
further examined the anti-tumor effects of surface mag-
nesium homeostasis.

Methods
Data Analysis and Processing
Single cell sequencing data was derived from GEO data-
base (05/2022) [13]. The sequencing and initial process-
ing of the data were conducted as follows. The analyzed 
samples were initially sequenced using Hiseq X10 [14]
(Illumina, San Diego, CA, USA) standard parameters. 
Subsequently, the sequencing file (BCL) was converted to 
FASTQ file form on Cell Ranger (Version 3.0.2) R (Ver-
sion 3.5.2) [15]. Finally, the samples were analyzed for 
QC and secondary analysis using the “Seurat” R package 
(Version 3.1.1).

Source and Preprocessing of Data
Clinical data and gene expression data used in this exper-
iment were obtained from the TCGA database (04/2022) 
[16] (​h​t​t​p​​s​:​/​​/​p​o​r​​t​a​​l​.​g​​d​c​.​​c​a​n​c​​e​r​​.​g​o​v​/) and The Pan-Cancer 
Atlas Center at the University of California, Santa Cruz 
(UCSC [16]) database (04/2022). The analysis included 
samples from 33 solid cancers (Supplementary Table 1), 
namely adrenocortical carcinoma (ACC), bladder uro-
thelial carcinoma (BLCA), lymphoid neoplasm diffuse 
large B-cell lymphoma (DLBC), esophageal carcinoma 
(ESCA), glioblastoma multiforme (GBM), head and neck 
squamous cell carcinoma (HNSC) breast invasive car-
cinoma (BRCA), cervical squamous cell carcinoma and 
endocervical adenocarcinoma (CESC), cholangiocarci-
noma (CHOL), colon adenocarcinoma (COAD), kidney 
chromophobe (KICH), kidney renal clear cell carcinoma 
(KIRC), kidney renal papillary cell carcinoma (KIRP), 
acute myeloid leukemia (LAML), brain low-grade gli-
oma (LGG), liver hepatocellular carcinoma (LIHC), lung 
adenocarcinoma (LUAD), lung squamous cell carcinoma 
(LUSC), mesothelioma (MESO), ovarian serous cystade-
nocarcinoma (OV), pancreatic adenocarcinoma (PAAD), 
pheochromocytoma and paraganglioma (PCPG), pros-
tate adenocarcinoma (PRAD), rectum adenocarcinoma 
(READ), sarcoma (SARC), skin cutaneous melanoma 
(SKCM), stomach adenocarcinoma (STAD), testicular 
germ cell tumors (TGCT), thyroid carcinoma (THCA), 
thymoma (THYM), uterine corpus endometrial carci-
noma (UCEC), uterine carcinosarcoma (UCS), and uveal 
melanoma (UVM).

https://portal.gdc.cancer.gov/


Page 3 of 19Qin et al. Biological Procedures Online           (2025) 27:42 

Differential Gene Expression Analysis
Through in-depth analysis of the expression levels of dif-
ferent genes, the expression differences of magnesium 
homeostasis related genes in tumor tissues and normal 
tissues were revealed. The tumor specimens were divided 
into two groups according to the best cut point, and the 
survival time and survival status of the two groups were 
fitted by “survival” R package.

Tumor Immune Dysfunction and Exclusion Analysis
The Tumor immune dysfunction and exclusion (TIDE) 
algorithm predicts potential ICB responses. TIDE uses a 
suite of gene expression markers to assess two different 
mechanisms of tumor immune evasion, including tumor-
infiltrating cytotoxic T lymphocyte (CTL) [17]dysfunc-
tion and CTL rejection by immunosuppressive factors. 
The probability of tumor immune escape was higher in 
patients with a high TIDE score than those with a low 
TIDE score. Therefore, patients with a high TIDE score 
showed a lower rate of ICB response.

Estimation of Magnesium Homeostasis Score
In order to quantify the expression level of magnesium 
homeostasis related genes, the magnesium homeosta-
sis related gene set downloaded from GSEA database 
(04/2022) (MAGNESIUM_ION_HOMEOSTASIS) [18] 
was calculated by single-sample gene set enrichment 
analysis (ssGSEA) to explore the magnesium homeosta-
sis score. The ssGSEA analysis was performed using the 
packages “GSEABase [19],"“limma [20],"and “GSVA [21]” 
in R, using default parameters. The standardized enrich-
ment score was used as the magnesium homeostasis 
score.

Construction of Magnesium Homeostasis Regulatory 
Network and Protein–Protein Interaction (PPI) Analysis
Magnesium homeostasis related genes were imported 
into STRING database (05/2025) ​(​​​h​t​t​p​s​:​/​/​s​t​r​i​n​g​-​d​b​.​o​r​
g​/​​​​​) for protein-protein interaction (PPI) analysis. Then 
download it. txt file was copied to excel for annotation, 
and Cytoscape software was imported to generate PPI 
network map of core genes. The network topology was 
analyzed by Cytoscape network analysis function, and 
genes with a defined degree greater than 30 were consid-
ered as hub genes.

Paraffin-Embedded Tissue Collection
The selected pairs of normal and para-cancer tissues were 
obtained from 35 breast cancer patients. All 35 patients 
had breast cancer and were not treated with chemo-
therapy or radiotherapy before the relevant cancer tissue 
was collected. Written informed consent was obtained 
from all patients. This study was approved by the Ethical 
Anthropology Committee. All experiments and methods 

were performed in accordance with the relevant guide-
lines and regulations.

Immunohistochemical Staining
 The collected tissues were prepared into tissue microar-
rays. When dewaxed and rehydrated at 37  °C and incu-
bated in 5% BSA for 30  min, endogenous peroxidase 
activity was inhibited and blocked. Treated tumour sec-
tions were incubated overnight with anti-TRPM7 (XY-
Bioscience XY00019) at 4 °C and then washed three times 
with phosphate buffered saline (PBS) solution. Tumour 
sections were then incubated in secondary antibodies 
labeled with horseradish peroxidase at 37 °C for 30 min. 
After washing in PBS solution for three times, the sec-
tions were developed in diaminobenzidine, and micro-
scopic imaging was performed by light mirror.

Copy-Number Variant (CNV) Analysis
We mainly used CNV data of 32 different tumor types 
and conducted a series of analyses and studies using GIS-
TICS2.0 for these tumor types (04/2022). CNV can be 
divided into heterozygous and homozygous types accord-
ing to type, which also represent different meanings. 
Specifically, CNVS are found on several chromosomes, 
one or two, in each cancer. Heterozygous and homozy-
gous CNV plots show the percentage of CNV amplifica-
tion and deletion for each gene in each cancer. We use 
the Gisticc processed data to calculate the percentage of 
CNV subtypes. Finally, correlation analysis was used to 
detect the correlation between paired mRNA expression 
and CNV percentage.

Standard Normal Variate Transform (SNV) Analysis
SNV data from 32 different tumors generated by 
MAFTools were analyzed (04/2022). Based on these 
data, Silent, Intron, IGR, 3 UTR, 5 UTR, 3 flanks and 5 
flanks were selected to analyze the SNV ratio. The per-
centage of SNV was then obtained by dividing the num-
ber of mutant samples by the number of cancer samples. 
Finally, SNV data were combined with clinical survival 
data to predict survival inequality between mutated and 
non-mutated genes using an R software package.

Methylation Analysis
Methylation data were analyzed from 14 different tumor 
and normal tissue samples (04/2022), then combined 
with mRNA expression and methylation data using 
TCGA barcodes and Pearson correlation coefficient and 
T-test to analyze the data. Then, RPPA in TCPA was 
used to score and analyze the samples to obtain the rela-
tive protein levels, which were divided into up-regulation 
group and down-regulation group, and then the pathway 
activity score was measured. The miRNA regulatory net-
work was used to analyze the miRNA regulatory data in 

https://string-db.org/
https://string-db.org/
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TCGA of 32 cancer types. TCGA barcoding was used to 
fuse miRNA expression and gene expression, and Pear-
son correlation coefficient and T-test were used to detect 
the association between paired mRNA and miRNA 
expression.

Drug Sensitivity Analysis
Data were collected through Cancer Treatment Response 
Portal (GDSC) (04/2022) to analyze the relationship 
between drug sensitivity and genes, obtain the AUC 
value of tumor cell line drugs, and conduct correlation 
analysis between gene transcription level and Pearson 
correlation coefficient. Pearson correlation coefficients of 
drug target pair markers were compared with the same 
number of correlation pairs generated by random sam-
pling. Genomic drug resistance analysis based on IC50 
drug data.

Results
Differential Gene Expression Analysis and Prognostic 
Analysis of Hub Genes Associated with Magnesium 
Homeostasis
To gain a comprehensive understanding of the impact of 
magnesium homeostasis-related genes (MHGs) on the 
development of various cancers, we performed protein 
interaction network analysis and analyzed the topology of 
the network using clinical data from The Cancer Genome 
Atlas (TCGA) database, and finally screened 13 key dif-
ferential genes related to magnesium homeostasis (Sup-
plementary Fig. 1). We found significant variability in the 
expression of almost all genes in cancer and non-cancer-
ous tissues. Most of the genes were down-regulated in 
tumor tissues, for example, EDN3, KCNA1, TFAP2B, and 
ANK3 genes were significantly down-regulated in KICH, 
COAD, HNSC, KIRC, THCA, and KIRP. Meanwhile, 
CNNM1 gene was downregulated in KICH and THCA 
but upregulated in LUAD, LUSC and LIHC (Fig.  1A). 
The results showed that magnesium homeostasis-related 
genes were negatively associated with tumor progression. 
Next, based on prognostic analysis of MHGs, we found 
that these key genes correlated with the prognosis of 
multiple cancers. In overall survival (OS), some genes can 
be considered as protective factors. The downregulation 
of their expression is associated with better prognosis in 
several cancers, such as XK in ACC, CNNM4 in READ, 
KEL in CESC, CNNM3 in KIRC, as well as CNNM2 in 
LGG and KIRC (Fig. 1B).

CNVs and SNVs of Hub Genes Associated with Magnesium 
Homeostasis
Based on TCGA, we evaluated single-nucleotide variants 
(SNVs) and copy number variations (CNVs) of MHGs. 
We observed that 1337 of 1380 samples (96.88%) showed 
at least one magnesium homeostasis-related gene 

mutation. The mutation rates of different MHGs varied 
widely across cancer tissues, with ANK3 having the high-
est mutation rate (47%), followed by KEL (18%), TRPM7 
(16%), KCNA1 (13%), CNNM2 (9%), CNNM1 (9%), 
TFAP2B (9%), CNNM4 (9%), XK (7%), and EDN3 (5%). 
The main SNV types were missense mutations, nonsense 
mutations, frameshift deletions, splice sites, frameshift 
insertions, in-frame deletions, and in-frame. In addi-
tion, the frequency of SNVs was higher in SKCM, UCEC, 
LUAD, STAD, COAD, and LUSC than in other cancers 
(Fig. 2A). According to the proportion of SNVs in MHG, 
ANK3 was mutated at a high frequency in SKCM, UCEC, 
COAD, STAD, LUAD, LUSC, and BLCA. Some cancer 
types, such as SKCM (37.18%), UCEC (17.70%), STAD 
(13.21%) and COAD (13.02%), had the highest frequency 
of gene mutations (Fig.  2B). Upon analysis of the pro-
portion of CNVs in pan-cancer, we found that the main 
types of CNVs in MHGs in TCGA tumors were heterozy-
gous amplifications and heterozygous deletions. KCNA1, 
KEL and EDN3 mainly showed heterozygous amplifica-
tions, including ACC, UCS, KIRP, COAD, READ, OV 
and LUSC; while CNNM1, CNNM2 and ANK3 mainly 
showed heterozygous deletions, including SKCM, CESC, 
SARC, GBM, KICH and TGCT (Fig. 2C). mRNA expres-
sion of MHG was positively correlated with CNV in 
most cancers, such as SLC41A1, CNNM2, and TRPM7 
in SKCM, LUAD, SARC, BRCA, LUSC and OV (P < 0.05) 
(Fig. 2D). Thus, the above results suggest that mutations 
in genes associated with magnesium homeostasis are 
common in tumors.

Methylation Pattern of Magnesium Homeostasis-
Associated Hub Genes and its Correlation with Gene 
Expression
Genomic expression is influenced by DNA methylation. 
To explore the regulatory mechanisms of MHGs, we 
evaluated the differences among 14 cancer types in the 
TCGA database and analyzed the methylation of MHGs 
in different cancer tissues. The results showed that the 
methylation levels of MHGs were highly heterogeneous 
across different cancers, with the majority of MHGs 
being highly methylated. EDN3, TFAB2B showed high 
levels of methylation in almost all cancers, while CNNM1, 
CNNM2 and KCNA1 showed high levels of methyla-
tion in at least half (7 or more) of the cancers (Fig. 3A). 
Degree of DNA methylation was correlated with gene 
expression was negatively correlated, which may account 
for the differential expression of these MHGs. To con-
firm the above speculation, we examined the correlation 
between the methylation pattern and mRNA expression 
of MHGs. We found that the degree of DNA methylation 
of MHGs was negatively correlated with gene expression 
in most cancers (Fig. 3B).



Page 5 of 19Qin et al. Biological Procedures Online           (2025) 27:42 

Fig. 1  Expression and prognosis of magnesium homeostasis related hub genes. A Differences in the expression of key genes related to magnesium 
homeostasis between tumor and non-cancerous tissues. FDR, false discovery rate. B Relationship between magnesium homeostasis related hub genes 
and disease-free interval (DFI), disease-specific survival (DSS), overall survival (OS) and progression-free survival (PFS)
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Drug Sensitivity Analysis
Genomic mutations affect the clinical response to che-
motherapy and targeted therapies [22]. To understand 
the effect of MHGs expression on drug response, we 
analyzed the gene expression profiles of cancer cell 
lines from the drug sensitivity genomics in the cancer 
database. We analyzed the correlation between drug 
sensitivity and gene expression and found that drug sen-
sitivity was strongly correlated with the expression level 
of MHGs. The results showed that the drug sensitivity of 
29 antitumor drugs, except afatinib, was significantly and 
positively correlated with the expression of ANK3. Simi-
larly, the drug sensitivity of 25 antitumor drugs was posi-
tively correlated with the expression of CNNM4, except 
for afatinib, which was significantly negatively correlated. 
Conversely, the drug sensitivity of 29 antitumor drugs 
was significantly negatively correlated with the expres-
sion of KEL, except for afatinib, and the drug sensitivity 
of 28 antitumor drugs was significantly negatively corre-
lated with the expression of TRPM7 (Fig. 4). This infor-
mation helps to investigate the relationship between 
anti-cancer drugs and magnesium homeostasis and how 
this relationship affects the treatment of patients with 
rare mutations. In conclusion, magnesium homeostasis 

is critical for cancer development and progression, and 
maintaining magnesium homeostasis may be a potential 
tool for cancer therapy.

Differences in the Magnesium Homeostasis Score and its 
Correlation with Tumor Stage
To better assess the state of magnesium homeostasis in 
tumor tissues, we determined a magnesium homeostasis 
score (MHS). The MHS significantly positively correlated 
with MHG expression, indicating that the magnesium 
homeostasis score represents the degree of magnesium 
homeostasis (P < 0.05, Fig. 5A). Simultaneously, we found 
a positive trend in the expression among most MHGs, for 
example, TRPM7 showed a significant positive correla-
tion with the gene expression of CNNM3 and CNNM4. 
Next, we combined the The Cancer Genome Atlas 
(TCGA) and GETx databases to analyze the difference in 
MHS between cancer and normal tissues and observed 
that MHS was almost significantly lower in all 33 cancer 
types, except for LUSC and UCS. Moreover, the MHS 
was decreased in stage III/IV compared to stage I/II can-
cer in BLCA (P = 0.007) and THCA (P = 0.018) (Supple-
mentary Fig. 2). Therefore, we can infer that MHS plays a 
role in inhibiting tumor progression.

Fig. 2  Genomic alterations in magnesium homeostasis-associated hub genes. A Genetic mutations in magnesium homeostasis-associated hub genes 
in pan-cancer. B Heatmap showing the Single Nucleotide Varients (SNV) percentage of magnesium homeostasis-associated hub genes in pan-cancer 
from The Cancer Genome Atlas (TCGA) database. C Type of CNV in pan-cancer. The area indicates the CNV percentage. D Correlations of CNV with mRNA 
expression of magnesium homeostasis-associated hub genes. Red indicates a positive correlation, and purple indicates a negative correlation. FDR false 
discovery rate
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Fig. 3  Methylation pattern in magnesium homeostasis-associated hub genes in pan-cancer. A Methylation levels of different magnesium homeostasis-
associated hub genes in normal and cancer tissues. Red indicates high methylation levels, and purple indicates low methylation levels. B Heat map corre-
lating the level of methylation of magnesium homeostasis-associated hub genes with mRNA expression. The larger the dot, the stronger the correlation.
dots with black boundaries represent FDR less than 0.05, and larger dots represent smaller FDR
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Effects of Magnesium Homeostasis on Cancer Prognosis
For disease-specific survival (DSS), higher magnesium 
levels had a better prognosis in more tumors (Supple-
mentary Fig. 5), such as ACC (P = 0.001, HR = 0.19), LIHC 
(P = 0.016, HR = 0.052), BRCA (P = 0.016, HR = 0.57), 
HNSC (P = 0.013, HR = 0.65), READ (P = 0.049, 
HR = 0.17), UCEC (P = 0.02, HR = 0.3), CHOL (P = 0.001, 
HR = 0.08), KIRC (P = 0.011, HR = 0.61), MESO (P = 0.008, 
HR = 0.39) and OV (P = 0.042, HR = 0.69) (Supplementary 
Fig.  3) Meanwhile, we also found that high magnesium 
levels in ACC (P < 0.001, HR = 0.17), BLCA (P = 0.011, 
HR = 0.55),BRCA(P = 0.041, HR = 0.71), MESO(P = 0.001, 
HR = 0.38), and OV(P = 0.046, HR = 0.71) were a positive 
factor for overall survival (OS) (Supplementary Fig.  4). 
Similar results were found for disease-free progression 
survival (PFI) (Supplementary Fig.  5). Prognostic analy-
sis of DSS showed that ACC (P = 0, HR = 0.19), BRCA 
(P = 0.06, HR = 0.57), CHOL (P = 0, HR = 0.08), HNSC 
(P = 0.01, HR = 0.65), KIRC (P = 0.01, HR = 0.61), LIHC 
(P = 0.02, HR = 0.52), MESO (P = 0.01, HR = 0.39), OV 
(P = 0.04, HR = 0.69), PRAD (P = 0.02, HR = 0.11), READ 
(P = 0.05, HR = 0.17), and (P = 0.02, HR = 0.3) (Fig.  6A). 
And Prognostic analysis of OS showed that magnesium 
homeostasis score was a positive factor for seven can-
cers, including ACC (P = 0, HR = 0.17), BLCA (P = 0.01, 
HR = 0.55), BRCA (P = 0.04, HR = 0.71), CHOL (P = 0, 
HR = 0.1), MESO (P = 0, HR = 0.38), PRAD (P = 0.03, 

HR = 0.25) and OV (P = 0.05, HR = 0.71) (Fig.  6B). The 
results of PFI were similar to OS, with many tumors 
showing a significant positive correlation between mag-
nesium homeostasis scores and good prognosis (P < 0.05), 
such as ACC, BLCA, BRCA, COAD, MESO, OV, PAAD, 
PCPG, PRAD, and UCEC (Fig. 6C). These results suggest 
that magnesium homeostasis can be used as an indepen-
dent prognostic marker for a variety of tumors.

Single-Cell Analysis of the Magnesium Homeostasis Score
The correlation of MHS with 14 functional states of 
different tumors was analyzed at the single-cell level. 
Metastasis, quiescence, DNA repair, epithelial-mesen-
chymal transition (EMT), invasion, cell cycle, DNA dam-
age, apoptosis, hypoxia, and proliferation significantly 
negatively correlated with the MHGs in most tumor 
types, indicating that MHGs inhibit the above functions 
(P < 0.05) (Fig.  7). Based on these results, we hypoth-
esized that the death of tumor cells may be related to 
the inhibition of their cellular functions by magnesium 
homeostasis.

Relationship Between the Magnesium Homeostasis Score 
and TIME
Tumor purity affects patient prognosis and therapeutic 
response. Therefore, we analyzed the correlation between 
the abundance of 22 kinds of immune cells and MHS. 

Fig. 4  Drug sensitivity analysis of magnesium homeostasis-associated hub genes
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Fig. 5  Magnesium homeostasis score in different tissues and cancer stages. A Heat map of correlations between the expression of magnesium homeo-
stasis genes and magnesium homeostasis score. The numbers in the circles represent correlation coefficients. B Differences in magnesium homeostasis 
score between tumor and normal tissues. Red represents The Cancer Genome Atlas (TCGA) tumor tissue, and blue represents normal tissue. *P < 0.05, 
**P < 0.01, ***P < 0.001
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MHS significantly positively correlated with the abun-
dance of most immune cells, such as naïve and plasma B 
cells, resting memory CD4 + T cells, and activated mast 
cells. MHS also negatively correlated with memory-acti-
vated and naïve CD4 + T cells, resting mast cells, acti-
vated myeloid dendritic cells, and neutrophils (P < 0.05) 
(Fig. 8A).

MHS also correlated with the tumor microenviron-
ment. There is a complex and significant correlation 
between magnesium homeostasis score (MHS) and 
tumor immune microenvironment (TIME). MHS is sig-
nificantly correlated with the abundance of immune 
cells, matrix score, immune score and the expression of 
immune checkpoint molecules, immune activation genes, 
immunosuppressive genes, chemokines and their recep-
tors. These correlations are different in different tumor 
types, both positive and negative. MHS significantly posi-
tively correlated with the stromal scores in most tumor 
types, such as TGCT, THCA, HNSC, BRCA, KIRP, and 
LUAD (Fig.  8B). However, MHS significantly negatively 
correlated with the immune scores in most cancer types, 
except for DLBC and COAD (P < 0.05) (Fig.  8C), whose 
correlations were tested individually (Supplementary 
Fig. 6). Furthermore, MHS significantly positively corre-
lated with tumor immune microenvironment (TIME) for 
DBLC and negatively correlated with TIME for LGG and 
TGCT (P < 0.05) (Fig.  8D). Thus, the above results indi-
cated that MHS and TIME are closely related.

Correlation Between the Magnesium Homeostasis Score 
And immune-related genes
We demonstrated that the MHS was significantly posi-
tively correlated with most immune checkpoint mol-
ecules such as VTCN1, ICOSLG, TNFSF15, TNFSF18, 

TNFSF4, NRP1, HHLA2, ADORA2A, BTNL2, and 
CD200 (P < 0.05) (Fig. 9A). In addition, MHS was signifi-
cantly and positively correlated with the expression of 
immune activation genes such as TNFRSF13C, BTNL2, 
TNFSF4, TNFSF18, TMEM173, ENTPD1, ULBP1, 
TNFSF15, ICOSLG, ICOSLG1, IL6R, and CXCL12, and 
with TNFRSF4 and CD70 were significantly negatively 
correlated (P < 0.05) (Fig.  9B). MHS were significantly 
positively correlated with the expression of immuno-
suppressive genes such as KDR, VTCN1, TGFBR1, and 
CD160, and significantly negatively correlated with the 
expression of HAVCR4 (P < 0.05) (Fig. 9C).

Furthermore, in most cancers, MHS were significantly 
positively correlated with the expression of chemokine 
genes such as CXCL12, CCL16, CCL14, CCL21, CCL19, 
CXCL14, CX3CL1, and CCL28, and negatively correlated 
with CCL3, CXCL9, CXCL11, and CXCL10 (P < 0.05) 
(Fig. 9D). Furthermore, in most cancers, MHS were posi-
tively correlated with the expression of chemokine recep-
tor genes such as CX3CR1 and CCR9 and negatively 
correlated with CXCR5 (P < 0.05) (Fig. 9E).

Correlation Between the Magnesium Homeostasis Score 
and Markers of Immunotherapy Response
Magnesium is an important immunomodulator. There-
fore, we investigated the role of magnesium homeostasis 
in immunotherapy. It was found that MHS was closely 
associated with microsatellite instability (MSI) and tumor 
mutational load (TMB). In this study, MHS of UVM, 
KICH and LIHC were significantly positively correlated 
with MSI, and MHS of UCEC, LGG, LAML, and KIRC 
were significantly negatively correlated with MSI (Fig. 
10A). In addition, MHS scores were negatively correlated 
with TMB in ACC, KICH, and MESO (Fig. 10B). To test 

Fig. 6  Prognostic value of magnesium homeostasis score. A Effect of magnesium homeostasis score on disease-specific survival (DSS). B Effect of mag-
nesium homeostasis score on overall survival (OS). C Effect of magnesium homeostasis on progression-free interval (PFI). *P < 0.05
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the scientific validity of MHS, we further determined the 
relationship between MHS and TIDE scores and found 
that they were significantly positively correlated in SARC 
and LAML and negatively correlated in PAAD and ESCA 
(Fig.  10C). Therefore, MHS plays an important role in 
immunotherapy.

Analysis of Single-Cell Transcriptional Profile and 
the Magnesium Homeostasis Score in the KIRC 
Microenvironment
Finally, we performed single-cell sequencing (scRNA-
seq) data analysis on two kidney renal clear cell carci-
noma (KIRC) samples. We used 13,124 high-quality 
single-cell transcriptome information for subsequent 
analysis after quality control using Seurat. Cell clustering 

analysis based on the tSNE algorithm revealed that the 
above cells could be classified into 11 clusters, namely 
KIRC1, KIRC2, KIRC3, Monocyte1, Monocyte2, Mac-
rophage, CD4 + T cells, CD8 + T cells, Mast cells, NK 
cells, and endothelial cells (Fig. 11A). The marker genes 
were significantly differentially expressed in different cell 
populations (Supplementary Fig. 10). We also found that 
tumor cells from two different sources of KIRC samples 
contained the same cluster (KIRC3) and unique clusters 
(KIRC1 and KIRC2) (Fig. 11B). This result indicated the 
heterogeneity of KIRC cell types. Next, we used ssGSEA 
to estimate the MHS for KIRC tumor microenvironment 
cells and compared the differences in magnesium homeo-
stasis score across cell types (Fig. 11C). Interestingly, we 
found significant differences in the MHS of different cells, 

Fig. 7  The function of the magnesium homeostasis score at the single-cell level. Correlation of MHS with 14 functional states in different tumors. 
*P < 0.05, **P < 0.01, ***P < 0.001
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and KIRC cells had the highest MHS (Fig.  11D). These 
results suggest that KIRC cells are significantly active in 
magnesium metabolism and that magnesium metabolism 
reflects the cellular heterogeneity of the tumor microen-
vironment. Therefore, magnesium homeostasis might be 
critical for regulating the tumor microenvironment.

Protein Expression of Hub-Genes
The TRPM7, which has the highest 5 degree in the PPI 
network, was defined as the hub-gene. Moreover, we 
examined the expression of TRPM7 in 35 pairs of BRCA 
tissues compared with normal tissues using immunohis-
tochemistry, and the results showed that the expression 
of TRPM7 in BRCA tissues was significantly lower than 
that in normal tissues, which was consistent with the 

results of our differential expression analysis. (Fig.  12, 
P = 0.0005).

Discussion
Magnesium is a macronutrient and the second most 
abundant intracellular cation in the body, and magne-
sium homeostasis is necessary to maintain homeostasis 
in the body. Studies have shown that tumor cells tend 
to disrupt magnesium homeostasis [23]. Previously, the 
magnesium channel protein TRPM7 has been widely 
demonstrated to be involved in the development and pro-
gression of many cancers, including digestive system can-
cers, breast cancer and colorectal cancer [24–26]. This 
suggests that disruption of magnesium homeostasis is a 
tumor-promoting mechanism, while magnesium homeo-
stasis a tumor-suppressing mechanism that facilitates 

Fig. 8  Relationship between the magnesium homeostasis score and the tumor immune microenvironment. A Correlation between immune scores of 22 
immune cells and MHS. B Correlation between MHS and tumor stroma. The larger the point, the larger the absolute value of the correlation coefficient. 
*P < 0.05. C Correlation between MHS and tumor immune score. The larger the point, the larger the absolute value of the correlation coefficient. *P < 0.05. 
D Correlation between MHS and tumor microenvironment. The larger the point, the larger the absolute value of the correlation coefficient. *P < 0.05, 
**P < 0.01, ***P < 0.001
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Fig. 9  Correlation analyses between the expression of MHGs and immune-related genes. A Correlation between MHGs and immune checkpoints in 
pan-cancer. B Correlation between MHGs and immune activation genes in pan-cancer. C Correlation between MHGs and different immunosuppressive 
genes in pan-cancer. D Correlation between MHGs and pan-cancer chemokines. E Correlation between MHGs and pan-cancer chemokine receptors. 
*P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 11  Magnesium homeostasis score analysis based on kidney renal clear cell carcinoma (KIRC) single-cell transcrip-tome atlas. A tSEN plot representa-
tion of kidney renal clear cell carcinoma (KIRC) samples with 11 distinct cell types. B tSEN plot representation of KIRC from two different samples. C tSEN 
plot representation of magnesium homeostasis scores in different cell types. D Comparison of MHS in different kidney renal clear cell carcinoma (KIRC) 
cells

 

Fig. 10  Correlation between the magnesium homeostasis score and the expression of markers related to immunotherapy response. A Correlation of 
MHS scores with microsatellite instability (MSI), B tumor mutational burden (TMB), C and tumor immune dysfunction and exclusion (TIDE) scores

 



Page 15 of 19Qin et al. Biological Procedures Online           (2025) 27:42 

the initiation of base excision repair in DNA [27]. A 
higher frequency of hypomagnesemia was associated 
with shorter survival in patients with advanced ovarian 
cancer receiving carboplatin-based chemotherapy, and 
this was confirmed by similar findings in head and neck 
cancer [28, 29]. There is also evidence that magnesium 
is a key regulator of cell proliferation [30]. Tumorigen-
esis occurs when the immune system fails to clear pro-
liferating masses of tumor cells in a timely manner. The 
relationship between magnesium homeostasis and tumor 
immunity is not well understood; therefore, in this study, 
we analyzed and investigated the relationship between 
tumor progression, prognostic values and immune infil-
tration at the pan-cancer level, as well as their correlation 
with the expression of immunotherapeutic markers of 
magnesium homeostasis. We found a strong correlation 
between patient responsiveness to immunotherapy and 
the expression of genes related to magnesium homeo-
stasis. We have observed a robust correlation between 
patient responsiveness to immunotherapy and the 
expression of genes associated with magnesium homeo-
stasis. This suggests that magnesium homeostasis may 
impact the effectiveness of immunotherapy by influ-
encing immune cell function and the tumor microenvi-
ronment. Consequently, taking into account a patient’s 
magnesium homeostasis during the development of an 

immunotherapy strategy could potentially enhance treat-
ment efficacy and safety.

In this study, we analyzed the correlation of magne-
sium homeostasis-associated genes with copy number 
variation, methylation, drug sensitivity, prognostic value, 
tumor microenvironment, immune-related genes, check-
points and chemokines and performed single-cell tran-
scriptional profiling and magnesium homeostasis score 
analysis in the KIRC microenvironment using a com-
prehensive bioinformatics approach. Single cell analysis 
of magnesium homeostasis score (MHS) is suitable for 
a variety of tumors, including but not limited to renal 
clear cell carcinoma (KIRC), breast cancer, hepatocellular 
carcinoma (LIHC), colorectal adenocarcinoma (READ), 
endometrial carcinoma (UCEC), cholangiocarcinoma 
(CHOL), renal papillary cell carcinoma (KICH), ovar-
ian cancer (OV) and mesothelioma (MESO). In these 
tumors, MHS is significantly correlated with the expres-
sion of immune activation genes, immunosuppressive 
genes, chemokines and their receptors, indicating that 
magnesium homeostasis plays an important role in regu-
lating tumor microenvironment and immune response. 
For example, high MHS in hepatocellular carcinoma 
(LIHC) is associated with better prognosis, and MHS 
is positively correlated with MSI, suggesting that it may 
improve the survival of patients by affecting immune 

Fig. 12  The immunohistochemical staining results and statistical analysis of TRPM7 in breast cancer tissues. A Representative immunohistochemical im-
ages of breast cancers. B Statistical results of TRPM7 expression among 35 pairs of breast cancer and normal samples
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function. Magnesium homeostasis-related genes are sig-
nificantly differentially expressed in various tumors, and 
some of them are considered as risk factors for tumor 
prognosis. In general, the lower the expression of magne-
sium homeostasis-related genes, the better the progno-
sis. Subsequently, we measured magnesium homeostasis 
scores and found that magnesium homeostasis was asso-
ciated with a better prognosis in cancer patients. The 
expression of magnesium homeostasis-related genes 
is closely related to the tumor microenvironment and 
immune-related genes. Therefore, magnesium homeo-
stasis-related genes could be used as potential prognostic 
and predictive markers for immunotherapy.

Based on the TCGA database, we found that most mag-
nesium homeostasis-related genes are lowly expressed 
in most tumors. Examples include ANK3 and CNNM2. 
Previous studies have shown that ANK3 can promote 
cell survival by reducing the inhibition of detachment-
induced apoptosis, and that ANK3 is a potential thera-
peutic target for colorectal and lung cancers [31, 32]. 
Our study found that ANK3 low expression was highly 
correlated with better cancer disease-specific survival 
(DSS), overall patient survival (OS) and progression-free 
survival (PFS) in adrenocortical carcinoma (ACC), colon 
cancer (COAD), kidney clear cell carcinoma (KIRC) and 
head and neck squamous cell carcinoma (HNSC). CNNM 
proteins (including CNNM1 to CNNM4) are widely 
expressed throughout the human body, and CNNM2 
and CNNM4 mediate the efflux of Mg2 + and are respon-
sible for intestinal and renal magnesium reabsorption 
[33]. CNNM2 is thought to promote cell replication and 
enhance migration and invasion of cancer cells through 
the formation of PRL-CNNM complexes [34]. It has also 
been shown that imbalance in magnesium homeostasis is 
a biomarker for the diagnosis of colorectal cancer [35]. In 
our study CNNM2 was also significantly low expressed in 
colorectal cancer, which is consistent with our findings. 
Magnesium homeostasis score (MHS) has significant 
prognostic value in the following cancers: adrenocorti-
cal carcinoma (ACC), bladder cancer (BLCA), breast 
cancer (BRCA), cholangiocarcinoma (CHOL), mesothe-
lioma (MESO) and ovarian cancer (OV). Among these 
cancers, higher magnesium steady-state scores are asso-
ciated with better disease-specific survival (DSS), over-
all survival (OS) and progression-free survival (PFI). 
Magnesium homeostasis affects tumor development and 
progress by regulating intracellular energy metabolism, 
DNA transcription, protein synthesis and immune func-
tion. In addition, magnesium homeostasis is also closely 
related to the expression of immune activation genes in 
tumor microenvironment, such as TNFRSF13C, BTNL2, 
TNFSF4 and so on, thus promoting anti-tumor immune 
response. Therefore, magnesium homeostasis related 
genes can be used as potential prognostic and predictive 

markers. The findings that ANK3 and CNNM2 are low 
expressed in various cancers and associated with better 
survival outcomes suggest that these genes may serve as 
useful prognostic biomarkers. By monitoring the expres-
sion levels of these genes in cancer patients, clinicians 
may be able to identify those with a better prognosis. 
In addition, targeting genes associated with magnesium 
homeostasis may be a promising cancer treatment strat-
egy. By modulating the expression or activity of these 
genes, it is possible to alter the tumor microenvironment, 
disrupt cancer cell proliferation and survival, and ulti-
mately improve patient outcomes.

Subsequently, we unveiled the correlation between 
magnesium homeostasis scores and the composition 
of the tumor microenvironment, which encompasses 
immune cells, cancer-associated fibroblasts, blood ves-
sels, lymphatic endothelial cells, and extracellular matrix 
components. The tumor microenvironment is widely 
recognized as a pivotal factor in tumorigenesis and pro-
gression. Alterations in magnesium homeostasis closely 
associated with changes in the tumor microenviron-
ment are intricately linked to tumorigenesis and pro-
gression; thus, magnesium homeostasis is believed to 
exert its influence on tumorigenesis and progression by 
modulating the tumor microenvironment [10]. Through 
single-cell sequencing analysis, we observed significant 
variations in magnesium homeostasis scores among dif-
ferent cell types within the tumor microenvironment; for 
instance, CD8 + T cells and mast cells exhibited higher 
scores while monocytes and macrophages displayed 
lower scores. This observation suggests a potential role 
of magnesium metabolism in governing the regulation 
of the tumor microenvironment. In magnesium-deficient 
mice models, elevated levels of TNF-α and IL-6 total 
mRNA were detected in proximal colon tissues indicating 
an impact of low magnesium on cellular inflammatory 
stress [33]. By advocating for altered magnesium homeo-
stasis status, an increase in CD8 + T cell infiltration along 
with a decrease in immunosuppressive myeloid-derived 
suppressor cells (MDSC) can be observed—signifying 
a modulation towards immune-supporting cells within 
the immunosuppressive tumor microenvironment [34]. 
Consequently, targeting genes related to magnesium 
homeostasis may offer promising therapeutic effects by 
reshaping the characteristics of the tumor microenviron-
ment—thus laying a solid foundation for personalized 
treatment strategies for patients with tumors.

Finally, we also revealed the correlation between mag-
nesium homeostasis scores and markers of immuno-
therapy response. Our results show that magnesium 
homeostasis score has a significant positive correlation 
with MSI score and a significant negative correlation 
with TMB score and TIDE score in a variety of tumors.
TMB score, MSI score and TIDE score are currently 
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recognized markers of ICB therapy. TMB is for the total 
number of non-anonymous mutations per megabase in 
somatic cells, including shift mutations, insertions, point 
mutations and deletions [36, 37]. These mutations lead to 
the production of abnormal proteins, which can function 
as neoantigens and activate anti-tumor responses [38]. 
Microsatellite instability (MSI) is caused by a functional 
defect in DNA mismatch repair in tumor tissue and is a 
clinically important tumor marker. The TIDE score is a 
novel and most promising marker of ICB response, and 
there is growing evidence that the Tide score is more 
accurate than the MSI and TMB scores in predicting 
survival outcomes in cancer patients treated with ICB 
drugs [39]. In summary, the results of this study sug-
gest that genes related to magnesium homeostasis can 
be an independent prognostic factor for ICB treatment. 
The present study used an integrated bioinformatics 
approach to reveal the role of magnesium homeosta-
sis related genes in influencing the prognosis of patients 
with multiple cancer types. Our findings suggest that 
magnesium homeostasis plays a key role in regulating 
tumor microenvironment and immunity and may serve 
as a prognostic biomarker. However, some limitations 
remain and further research is needed to consolidate our 
understanding and translate these findings into clinical 
practice. The future research direction is to explore the 
mechanism relationship between magnesium homeo-
stasis and tumor immunity. This may involve studying 
specific signaling pathways and gene expression changes 
that are in response to changes in magnesium levels. In 
addition, rigorous in vitro and in vivo experiments must 
be conducted to validate our bioinformatics findings. 
By controlling magnesium levels in cancer cell lines and 
animal models, we can observe changes in tumor behav-
ior and immune response, further confirming the role of 
magnesium homeostasis in cancer progression. In con-
clusion, the current study lays the foundation for further 
research into the role of magnesium in cancer. By explor-
ing the mechanologic link between magnesium homeo-
stasis and tumor immunity, conducting rigorous in vitro 
and in vivo experiments, and initiating large-scale clinical 
trials, we can further consolidate our understanding of 
this important biological process and translate our find-
ings into improved patient outcomes.

Emerging evidence highlights the critical role of mag-
nesium ion (Mg²⁺) homeostasis in tumor immunity and 
metastasis, with clinical implications centered on bio-
markers and therapeutic strategies: Magnesium Homeo-
stasis Scores (MHS), derived from transporter genes 
(e.g.: CNNM2, ANK3), may stratify immunotherapy 
responders and predict metastasis risk in breast cancer 
and melanoma [40], while Phase I/II trials in immuno-
therapy-resistant tumors suggest Mg²⁺ supplementation 
could enhance CD8 + T cell infiltration. Targeting Mg²⁺ 

transporters—such as CNNM2 inhibitors or TRPM7 
activators—may simultaneously block tumor Mg²⁺ 
uptake and amplify T cell functionality. Combination 
therapies involving Mg²⁺ modulators (e.g.: ionophores) 
with anti-PD-1/CTLA-4 agents could reverse the “cold” 
tumor phenotype, whereas Mg²⁺ chelators (e.g.: EDTA) 
might improve chemotherapy sensitivity [41]. Current 
research priorities include validating MHS clinical appli-
cability through spatial transcriptomics, dissecting trans-
porter roles in Mg²⁺ flux and immune evasion via CRISPR 
knockout models, and identifying Mg²⁺-dependent 
metabolic pathways in CD8 + T cells using single-cell 
multiomics [5]. Challenges such as MHS standardiza-
tion, ensuring transporter-targeted therapy specificity, 
and balancing systemic versus tumor microenvironment 
Mg²⁺ levels remain unresolved. Nonetheless, integrating 
Mg²⁺-related biomarkers and transporter-targeted strat-
egies holds promise for optimizing metabolic-immune 
crosstalk networks, potentially reshaping cancer treat-
ment paradigms.

Conclusion
This study is the first comprehensive pan-cancer-level 
analysis of the role of magnesium homeostasis. The 
results of this study suggest that magnesium homeo-
stasis plays an important role in tumor immunotherapy 
and can act as an immune marker. Therefore, therapeutic 
approaches targeting magnesium homeostasis may be a 
novel breakthrough strategy for cancer treatment. How-
ever, there are also certain limitations to this study, and 
clinical validation of the immunotherapy effect of magne-
sium homeostasis at the pan-cancer level is still required 
in the future.
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