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Simple Summary

Gliomas are the most common and aggressive brain tumours, and current treatments are
often not effective, especially in the most severe cases. One reason for this is that tumour
cells can adapt and survive under stress, partly by altering the movement of calcium
ions inside the cell. In this study, we investigated a group of genes (the members of the
transmembrane BAX inhibitor motif-containing (TMBIM) family) that regulate calcium ion
movement and that help cells to survive and invade. By analysing data from hundreds of
glioma patients, we found that these genes fall into two distinct groups with opposite effects.
One group is linked to worse patient survival, while the other is associated with better
outcomes. We also discovered that these two groups are associated with different biological
processes, such as cell growth, cell division, invasion, and tumour cell interaction with
their environment. These findings improve our understanding of how gliomas develop
and progress. Importantly, the data we generated can guide future treatment design to
target TMBIM proteins specifically, rather than the entire family, leading to more effective
and less toxic therapies for patients.

Abstract

Gliomas are the most common and aggressive primary brain tumours, with glioblastoma
(GB) exhibiting a poor prognosis and limited therapeutic response. Dysregulation of intra-
cellular ion homeostasis, particularly Ca2+ signalling, has emerged as a key contributor to
glioma progression. The transmembrane BAX inhibitor motif-containing (TMBIM) protein
family regulates intracellular Ca2+ flux and cell survival; however, their role in glioma re-
mains incompletely understood. Gene expression and clinical data from TCGA, CGGA, and
Rembrandt cohorts were analysed to assess the association between TMBIM1-6 expression,
tumour grade, and patient survival. Correlation analyses identified TMBIM-associated
gene networks, followed by functional enrichment to characterise underlying biological pro-
cesses and molecular functions. The TMBIM family members segregated into two distinct
groups with opposing clinical associations. TMBIM1, TMBIM4, and TMBIM6 were upregu-
lated and associated with poor survival, whereas TMBIM2, TMBIM3, and TMBIM5 were
downregulated and associated with increased survival. Functional enrichment analyses re-
vealed two conserved gene expression programmes: TMBIM1/4/6 are linked to membrane
trafficking, metabolic and bioenergetic adaptation, while TMBIM2/3/5 are associated with
cell cycle regulation and chromosomal instability. These findings uncover a previously
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unrecognised functional divergence within the TMBIM family in glioma. This bipartite
organisation highlights TMBIM proteins as potential prognostic markers and suggests that
selective targeting of specific TMBIM subgroups may improve therapeutic strategies.

Keywords: glioma; glioblastoma; TMBIM; therapeutic target selectivity; prognosis biomarkers;
biological processes

1. Introduction
Gliomas are the most common and therapeutically challenging primary brain tumours,

characterised by high heterogeneity and poor patient outcome, particularly in high-grade
subtypes such as glioblastoma (GB). Gliomas are classified into four grades according to
tumour aggressiveness, histology, and molecular genetic markers. Grade IV corresponds to
GB and is the most severe form of all gliomas [1]. Although representing approximately
30% of all primary brain tumours, gliomas account for 80% of malignant brain tumours and
are the leading cause of brain tumour-related mortality [2]. Despite recent advancements
in cancer therapies, the prognosis and patient survival remain limited due to intrinsic
tumour hallmarks and the presence of the blood–brain barrier, which restricts the delivery
of blood-circulating drugs to the brain [3,4]. This highlights the urgent need for a deeper
understanding of the molecular mechanisms driving glioma progression, as well as their
resistance to therapy and frequent recurrence [5].

Glioma progression involves complex regulatory networks controlling cell prolifera-
tion, apoptosis, invasion, and metabolic reprogramming [6]. Emerging hallmarks of glioma
biology, such as the dysregulation of intracellular trafficking, ion fluxes, and the secretory
pathways, influence tumour cell survival, proliferation, and invasion [7]. These processes
are tightly linked to ionic homeostasis, especially to calcium ion (Ca2+) signalling, which
acts as a second messenger that controls cell cycle progression, cytoskeletal dynamics, and
responses to cellular stress, and plays a central role in regulating cell fate decisions [8]. Al-
terations in intracellular Ca2+ homeostasis are often driven by abnormal activity of channels
in the plasma membrane and in intracellular organelles such as the endoplasmic reticulum
(ER), the Golgi apparatus (GA), secretory pathway vesicles, and mitochondria [9,10]. Thus,
Ca2+ channels are potential key modulators of glioma progression and may represent
promising therapy targets.

Members of the transmembrane BAX inhibitor motif-containing (TMBIM) protein
family have been reported to modulate intracellular Ca2+ and cell survival [11–13]. The
TMBIM family contains six evolutionarily conserved channels (TMBIM1-6). These proteins
modulate intracellular Ca2+ fluxes across the membranes of intracellular organelles and also
influence ion fluxes between intracellular and extracellular spaces [14]. TMBIM proteins
have distinct subcellular localisations, including the ER (TMBIM2-3 and TMBIM6), GA
(TMBIM1-4), mitochondria (TMBIM5), lysosomes and endosomes (TMBIM1), and even
the plasma membrane (TMBIM2), which are associated with their roles in maintaining
cellular homeostasis [15–20]. This localisation can vary in some cases according to expres-
sion level or cell type. Through their influence on Ca2+ fluxes, mitochondrial metabolic
status, ER stress responses, autophagy, cell motility, and apoptosis, TMBIM proteins have
been implicated in cancer progression [11,14,21–27]. However, a comprehensive under-
standing of the diverse roles that each TMBIM protein plays in glioma remains lacking,
particularly regarding their association with tumour grade, patient survival, and overall
molecular mechanisms.
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In this study, we characterise the expression profile of TMBIM1-6 in glioma and evalu-
ate its association with tumour grade, patient survival, and cellular mechanisms relevant
to tumour progression. Here we describe for the first time that TMBIM1, 4, and 6 form a
distinct cluster from TMBIM2, 3, and 5, showing opposite correlations with tumour grade,
patient survival, and gene expression. Overall, these findings highlight a previously un-
recognised functional divergence within the TMBIM family. This is particularly important
to guide future development of selective therapeutic strategies involving specific TMBIM
inhibition.

2. Materials and Methods
2.1. Patient and Gene Expression Data

Patient-level genomic and clinical data were obtained from The Cancer Genome Atlas-
Glioblastoma and Low-Grade Glioma (TCGA-GBMLGG) [28,29], and Rembrandt [30]
cohorts, accessed through the GlioVis platform (https://gliovis.bioinfo.cnio.es/, accessed
on 15 November 2025) [31]. The TCGA-GBMLGG cohort comprises 667 patients (152 GB
and 515 LGG) with gene expression profiles generated by RNA sequencing, and the
Rembrandt cohort comprises 444 patients (219 GB and 225 LGG) with gene expression
profiles measured by microarray technology. The mRNA microarray dataset from the
Chinese Glioma Genome Atlas (CGGA; https://www.cgga.org.cn/index.jsp, accessed
on 15 November 2025), with 301 patients (174 GB, 124 LGG, and 2 undefined), was also
included [32].

2.2. Association Between TMBIMs Expression and Glioma Tumour Grade

The association between TMBIM family gene expression and glioma tumour grade
(II-IV) and Isocitrate Dehydrogenase 1 (IDH) status were assessed through an initial de-
scriptive analysis, followed by a one-way ANOVA test to determine whether statistically
significant differences existed among the groups. Statistical analyses were performed in
Python v3.12 using the Google Colaboratory (Google Colab) platform. Data handling
and pre-processing were conducted using Pandas (v.2.2.2). Numerical computations were
performed using NumPy (v.2.0.2). Analysis of variance (ANOVA) was performed using
SciPy (v.1.16.3). When the ANOVA indicated significant effects (p < 0.05), Tukey’s Honest
Significant Difference (HSD) post hoc test was applied to identify which group means
differed from each other. Statistical significance was evaluated at thresholds of p < 0.001,
p < 0.01, and p < 0.05. Graphics were generated with GraphPad Prism10.1.1.

2.3. Association Between TMBIM Expression and Glioma Patient Survival

To evaluate the association between the expression of TMBIM family genes and
the overall survival (OS) of glioma patients, Kaplan–Meier survival analyses and Cox
proportional hazards regression models were performed in Python v.3.12 using the Google
Colab environment. Data processing and management were carried out using Pandas
(v.2.2.2), while numerical computations were performed with NumPy (v.2.0.2). Survival
analyses, including Kaplan–Meier curve estimation, log-rank tests, and Cox proportional
hazards modelling, were conducted using the Lifelines package (v.0.30.1). For each gene,
patients were dichotomised into high- and low-expression groups using the median gene
expression as the cut-off within each dataset. Hazard ratios (HRs) and 95% confidence
intervals (CIs) were derived from the Cox models. To integrate results across cohorts,
a weighted median of HRs was calculated, accompanied by corresponding upper and
lower limits derived from the distribution of the cohort-specific HRs, providing a robust,
variance-adjusted summary estimate of the prognostic effect. Graphics were generated
with GraphPad Prism10.1.1.
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2.4. Identification of Genes with Expression Correlation with TMBIM1-6 in Glioma

To characterise gene expression correlation patterns between TMBIM genes and the
related transcriptome, genes exhibiting the strongest expression correlations with each
TMBIM gene were identified using the Pearson correlation coefficient (PCC) in the TCGA-
GBMLGG and Rembrandt datasets. For each TMBIM gene, the top 300 genes with the
highest PCC were identified. An absolute correlation threshold of PCC > 0.4 or <−0.4
was also applied. The same analytical framework was subsequently applied in a subtype-
specific manner, using TCGA datasets, in which LGG and GBM samples were analysed
independently: TCGA-GBM (GB, grade IV glioma) and TCGA-LGG (grade II and III glioma)
classified according to the TCGA Research Network [29]. In this context, the 100 genes with
higher PCC with each TMBIM were identified in LGG and GB. For each group of identified
genes for each TMBIM, the expression dysregulation trend (for those with PCC > 0.4 or
<−0.4) was calculated for the other TMBIMs. The percentage of shared and oppositely
correlated genes was quantified to evaluate the similarity and disparity of correlation
patterns across TMBIM members in the TCGA-GBMLGG and Rembrandt datasets, as well
as between LGG and GB. In addition, pairwise expression correlations among TMBIM
family members were calculated in both datasets and within each glioma subtype. Statistical
analyses were performed in Python v3.12 using the Google Colab platform. Gene expression
correlation analyses were conducted using Pandas (v.2.2.2) and NumPy (v2.0.2), with the
Pearson correlation coefficient computed using SciPy (v.1.16.3). Heatmaps were generated
with GraphPad Prism10.1.1. Tables containing PCC values and gene names obtained in
this analysis are available at https://doi.org/10.5281/zenodo.19226542.

2.5. Gene Ontology Analysis of Correlated Genes

To detect shared gene expression correlation patterns between TMBIMs, the identified
TCGA-GBMLGG gene sets were intersected using Venn diagram analysis. Venn diagram
gene lists were deposited at https://doi.org/10.5281/zenodo.19226542. These overlapping
gene sets underwent functional enrichment analysis. Gene Ontology Biological Process
(GO-BP) and Molecular Function (GO-MF) enrichment analyses were performed using the
clusterProfiler package (v4.14.3) [33] from BiocManager v3.20 in RStudio (v4.4.0) for all pairs of
TMBIMs. Enriched terms were filtered using a false discovery rate (FDR) < 0.05, ranked by fold
enrichment, and the top ten terms within each ontology category were selected. Enrichment
analysis was visualised using Sankey plots from SRplot [34] when the number of genes was
sufficient to produce statistically significant GO enrichment after multiple-testing correction.

3. Results and Discussion
3.1. Opposing Glioma Patient Survival Associations Among the TMBIM Family

Since the TMBIM family regulates intracellular ion flux and several cellular processes
associated with key features of glioma progression, such as cell invasion, proliferation and
metabolic reprogramming, we investigated the possible association of these genes with
glioma patient outcome. To address this, an association between TMBIM gene expression
and overall survival in glioma patients was assessed, using a median expression cut-off to
stratify high- and low-expression groups.

Kaplan–Meier survival analyses (Figure 1A) revealed a divergent survival pattern
across TMBIM family members. Higher expression of TMBIM1, TMBIM4, and TMBIM6 was
significantly associated with decreased survival, whereas elevated expression of TMBIM2,
TMBIM3, and TMBIM5 correlated with increased overall survival. The same pattern was
observed in the TCGA and CGGA cohorts. In the Rembrandt dataset, the same directional
trend was detected; however, the associations for TMBIM2 and TMBIM3 did not reach
statistical significance (p > 0.05). Cox proportional hazards analysis (Figure 1B) confirmed
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these findings, with TMBIM1, TMBIM4, and TMBIM6 exhibiting HR > 1, while TMBIM2,
TMBIM3, and TMBIM5 showed HR < 1. These associations, consistently observed across
three independent datasets, support the robustness of the prognostic stratification.

Figure 1. Association between TMBIM1-6 gene expression (mRNA) and glioma patient overall
survival. (A) Overall survival was evaluated for TMBIM genes using Kaplan–Meier survival analyses
and Cox proportional hazards regression models in the TCGA, Rembrandt, and CGGA datasets.
Patients were stratified into high- and low-expression groups based on the median expression value
within each dataset. Statistically significant differences between high and low expression group curves
were assessed by a LogRank test ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns non-significant. (B) Hazard
ratios (HRs) and 95% confidence intervals (CIs) were estimated independently for each dataset, and a
weighted median log10 (HR) was computed to summarise the overall effect across cohorts. Summary
results were presented on a logarithmic scale, and the pooled estimate is highlighted as an integrated
measure of association.

3.2. TMBIM Family Members Exhibit Divergent Expression Trends During Glioma Progression

To investigate the relationship between TMBIM family expression and tumour pro-
gression, gene expression across glioma grades II to IV was analysed. TMBIM family
members exhibited two distinct and opposing grade-associated expression patterns (TCGA
and Rembrandt datasets). TMBIM1, TMBIM4, and TMBIM6 demonstrated a progressive
increase in expression with advancing tumour grade (Figure 2A–C), whereas TMBIM2,
TMBIM3, and TMBIM5 showed a gradual decrease from grade II to grade IV (Figure 2D–F).
These grade-dependent expression changes between grade II and grade IV were statistically
significant in both datasets (p < 0.001), supporting a consistent association between TMBIM
transcriptional profiles and glioma malignancy progression. The new adult-type diffuse
glioma classification (included in the WHO Classification of Tumours of the Central Ner-
vous System, 5th Edition (WHO CNS5) [35]) classifies the most aggressive type of glioma
(glioblastoma, grade IV) based on IDH status (wild type (wt) or mutant). Considering this,
the expression of TMBIMs’ association with the IDH status was analysed (Figure S1). The
data obtained support a higher expression of TMBIM1, TMBIM4 and TMBIM6 in IDHwt
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gliomas and a higher expression of TMBIM2, TMBIM3 and TMBIM5 in IDHmutant gliomas.
Importantly, the directionality of grade- and IDH-status-dependent expression changes was
consistent with the observed survival associations (Figures 1 and S1), further supporting
the prognostic relevance of TMBIM family members in glioma.

Figure 2. Association between TMBIM gene expression and glioma grade. (A) TMBIM1, (B) TMBIM4,
(C) TMBIM6, (D) TMBIM2, (E) TMBIM3, and (F) TMBIM5 gene expression in glioma according to tu-
mour grade (II, III, and IV) obtained from the TCGA and Rembrandt datasets. Group differences were
assessed using one-way ANOVA followed by Tukey’s HSD post hoc test for pairwise comparisons.
* p < 0.05; ** p < 0.01; *** p < 0.001.

3.3. TMBIM Transcriptionally Associated Genes Define Two Distinct Landscapes

To investigate the relationship between each TMBIM family member and its associated
transcriptional landscape in glioma, the 300 genes with the highest expression correlation
coefficient were identified for each TMBIM using the TCGA (Figure 3A,B) and the Rem-
brandt datasets (Figure S2). For each TMBIM, the expression correlations of these 300 genes
with the remaining five TMBIM family members were evaluated. A high level of overlap
was observed between genes highly correlated with TMBIM1, TMBIM4, and TMBIM6,
displaying a similar correlation pattern within this subgroup (Figure 3A). Quantification of
co-dysregulated genes revealed a substantial percentage of overlap among their respective
gene sets (Figure 3C). In contrast, genes associated with TMBIM2, TMBIM3, and TMBIM5
exhibited the opposite correlation profile (Figure 3B,C). Interestingly, a high percentage
of TMBIM2 co-dysregulated genes show opposite trends of dysregulation (positive vs.
negative) with TMBIM4 and TMBIM6 (Figure 3C).

Consistently, direct correlation analysis among TMBIM family members revealed
strong positive correlations between TMBIM1, 4, and 6, whereas these genes showed nega-
tive correlations with TMBIM2, 3, and 5 (Figure 3D). Importantly, this bipartite correlation
pattern was reproducible across both the TCGA and Rembrandt datasets.
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Figure 3. Gene expression correlation landscape of the TMBIM family in glioma. (A,B) Heatmaps
displaying the correlation coefficient (PCC) of the top 300 genes most strongly correlated with
each TMBIM family member (TCGA-GBMLGG dataset) for all six TMBIMs. The Pearson PCC
based on TCGA-GBMLGG expression data is shown. Black boxes represent the TMBIM for which
the most significant expression-correlated genes were obtained. These were analysed for their
expression correlation with the remaining 5 TMBIMs. Only genes with PCC > 0.4 or >−0.4 are shown.
(C) Percentage of genes with the same or opposite correlation trend (positive/negative) of the top
300 identified for each TMBIM from the two datasets (horizontal lines correspond to each set of
300 genes identified for each TMBIM). (D) Expression correlation between TMBIMs in glioma (all
grades) from TCGA and Rembrandt datasets. (E,F) Subtype-specific correlation landscape of TMBIM
family gene expression in TCGA glioma datasets. Heatmaps displaying the top 100 genes most
strongly correlated with the expression of each TMBIM family member in LGG and GB samples.
(G) Percentage of genes correlated with the top 100 identified for each TMBIM in LGG or GB
separately. (H) Expression correlation between TMBIMs in LGG and GB from the TCGA dataset.

Performing a separate correlation analysis for LGG and GB TCGA datasets, the oppo-
site correlation pattern among TMBIM-associated gene sets was preserved (Figure 3E,F).
However, the strength of these relationships differed between tumour subtypes. In GB,
the shared transcriptional landscape was more pronounced among TMBIM1, 4, and 6,
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whereas the correlations involving genes associated with TMBIM2, 3, and 5 appeared more
diffuse. Conversely, in LGG, stronger correlation structures were observed for gene sets
associated with TMBIM4, 2, 3, and 5, whereas the transcriptional associations of TMBIM1
and TMBIM6 were more prominent in GB. These differences in correlation landscapes
may reflect the well-established transcriptional divergence between LGG and GB [36,37].
Despite these variations, LGG and GB exhibited substantial overlap in genes with con-
cordant correlation trends across TMBIM members (Figure 3G), aligned with a consistent
correlation relationship among TMBIM genes (Figure 3H). An exception was observed for
TMBIM3, which displayed comparatively weaker correlations, and the associations with
genes correlated to TMBIM2 and TMBIM5 were modest, particularly in GB. Collectively,
these findings indicate that the core TMBIM transcriptional network is largely preserved
across glioma grades, while its relative strength and organisation vary between LGG
and GB. The preservation of these transcriptional relationships across LGG and GB sug-
gests that TMBIM-associated cellular processes are associated with glioma transcriptional
reorganisation during tumour progression.

3.4. Functional Gene Enrichment Supports Two TMBIM-Associated Transcriptional Programmes

To investigate the cellular processes linked to TMBIM-correlated genes, a functional
enrichment analysis was conducted using genes whose expression patterns correlated with
different TMBIM family members (Figure 4). Genes correlated with TMBIM1 and TMBIM4
were significantly enriched in glycan degradation and regulation of the TNF-mediated sig-
nalling pathway. Aberrant glycosylation promotes the accumulation of truncated glycans
on glycoproteins and glycolipids, contributing to glioma aggressiveness, tumour progres-
sion, and therapeutic resistance [38]. In addition, several genes involved in TNF-mediated
signalling, including Caspase Recruitment Domain Family Member 16 (CARD16), Cas-
pase 8 (CASP8), and Caspase 4 (CASP4), are associated with apoptosis dysregulation and
immune cell infiltration [39–41]. Consistently, TMBIM1 and TMBIM4 have also been impli-
cated in the modulation of apoptosis and cell migration [21,24,25]. Notably, interleukin-1
(IL-1) signalling plays a pivotal role in glioma cell proliferation, invasion, and resistance
to therapy through various mechanisms. The activation of IL-1β leads to the stimula-
tion of oncogenic pathways, particularly the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB) signalling cascade [42–46].

Genes correlated with TMBIM4 and TMBIM6 were associated with lysosomal and
vascular acidification and synaptic vesicle localisation, recycling, and autophagy. These
observations are compatible with the localisation of TMBIM4 and TMBIM6 to elements of
the secretory pathway [11,47]. TMBIM proteins regulate Ca2+ homeostasis, possibly via
a pH-dependent gating mechanism. This mechanism is particularly relevant within the
secretory pathway (TMBIM4 in the GA; TMBIM6 in the ER), linking Ca2+ regulation to
secretion and cellular pH [48]. In glioma cells, altered vesicle trafficking, characterised
by reduced lysosomal degradation and a shift toward recycling endosomes, supports
sustained secretion and membrane turnover, facilitating tumour growth and communica-
tion with neurons [49–51]. Concurrently, enhanced lysosomal function, partly driven by
regulators such as palmitoyl-protein thioesterase 1 (PPT1), a regulator of lysosomal pro-
tein degradation, promotes autophagic flux and contributes to acidification of the tumour
microenvironment [52,53]. Together, these coordinated alterations in lysosomal activity,
vesicle dynamics, and autophagy can promote glioma invasiveness, angiogenesis, and
therapeutic resistance [54].
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Figure 4. Biological processes (BPs) and molecular functions (MFs) associated with TMBIM1-6
co-dysregulated genes. Genes whose expression levels were simultaneously significantly correlated
with two TMBIMs were analysed using Venn diagrams. Gene Ontology enrichment analysis (GOEA)
was performed for each gene set with a sufficient number of overlapping genes, displaying the ten
most significantly enriched biological processes. Pathways were selected based on False Discovery
rate (FDR < 0.05) and ranked by fold enrichment.

Molecular function analysis of genes associated with TMBIM1/4 and TMBIM4/6 also
highlighted lipase and phospholipase inhibitor activity, including Annexin A4 (ANXA4) and
Annexin A5 (ANXA5), Ca2+-dependent phospholipid-binding proteins implicated in glioma
proliferation, migration, invasion, and patient survival [55,56]. Another Ca2+-dependent
phospholipid-binding protein, ANXA2, plays a crucial role in cell adhesion in glioma by
facilitating the binding of tumour cells to the extracellular matrix [57]. Additionally, ANXA2
is stabilised by S100A11, activating NF-κB signalling, thereby establishing a positive feedback
loop that enhances tumour proliferation, invasion, and stem-like properties [58]. The limited
set of genes correlated with both TMBIM1 and TMBIM6 was insufficient to enable functional
enrichment analysis. Although an overlap between genes correlated with TMBIM1 and
TMBIM6 was identified, the number of shared genes was insufficient to yield statistically
significant GO enrichment after multiple-testing correction. Consequently, no robust BP or
MF categories could be assigned to this gene set.

In contrast, genes correlated with TMBIM3 and TMBIM5 were linked to pathways
related to kinetochore organisation and chromosome condensation. Processes that are
frequently dysregulated in glioma and are associated with chromosomal instability [59,60].
Consistently, cytoskeletal organisation and microtubule motor activity emerged as the
most enriched molecular functions. The cytoskeleton, especially through tubulin-based
microtubules, plays a key role in the organisation and segregation of chromosomes during
cell division in glioma [61,62]. These microtubules assemble into kinetochore fibres that
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connect to kinetochores, enabling chromosome movement. This mechanism is critical for
ensuring accurate chromosome segregation, a process that is frequently impaired in glioma
cells [63,64].

Genes correlated with TMBIM2 and TMBIM3 showed only a modest enrichment;
however, pathways related to cell cycle regulation and chromosome segregation were the
most prominent for the TMBIM3/TMBIM5-associated gene set. Among the genes linked to
cell cycle control, Aurora Kinase A (AURKA) integrates mitotic cell cycle regulation with
Wnt/β-catenin-dependent transcriptional programmes, thereby enhancing proliferative
capacity and stem-like self-renewal in glioma-initiating cells [65]. Similarly, Wee1-like
protein kinase (WEE1), a key G2/M checkpoint kinase, is frequently overexpressed in
high-grade gliomas and contributes to cell-cycle progression and therapy resistance [66,67].
These findings are consistent with the well-established role of chromosomal instability
in glioma progression, particularly in glioblastoma, where widespread aneuploidy and
recurrent copy number alterations are commonly observed [68,69]. Moreover, zinc ion
transport is potentially associated with glioma progression [70].

Finally, genes correlated with TMBIM2 and TMBIM5 were enriched in synaptic vesi-
cle maturation and plasticity. This observation was not surprising given the localisation
of these proteins to the secretory pathway and plasma membrane [51,71–73]. Notably,
although these biological processes partially overlap with those identified in the TM-
BIM4/TMBIM6 enrichment analysis, the associated gene sets differ substantially, indicating
that TMBIM2 and TMBIM3 likely modulate similar functional programmes via distinct
regulatory networks. Additionally, ER tubular organisation may be particularly relevant
given the subcellular location of TMBIM2. In glioma, chronic ER stress promotes tubular
dilation, paraptosis-like morphology, and adaptive survival mechanisms that contribute to
chemoresistance and tumour progression [74,75].

Overall, the gene enrichment patterns observed reinforce the existence of two dis-
tinct TMBIM-associated transcriptional landscapes. The TMBIM1/4/6 group is linked
to pathways involved in secretion and synaptic vesicle localisation, recycling, pH, au-
tophagy, and lipase/phospholipase activity. In contrast, the TMBIM2/3/5 group is more
associated with cell cycle regulation, chromosome segregation/instability and tubulin dy-
namics/motor processes and to a lesser extent with ER tubular organisation and synaptic
vesicle recycling/maturation.

Further studies will be required to clarify the specific mechanisms through which
TMBIM proteins 1–6 contribute to glioma biology and to determine which of these pathways
are most relevant to tumour progression and therapeutic response.

4. Conclusions
This study reveals a previously unrecognised bipartite transcriptional organisation of

the TMBIM family in glioma, characterised by opposing prognostic associations, grade-
dependent expression patterns, and distinct transcriptional networks. Across independent
datasets, TMBIM1, TMBIM4, and TMBIM6 were consistently associated with poorer sur-
vival and increased expression in higher tumour grades, whereas TMBIM2, TMBIM3, and
TMBIM5 showed the opposite pattern. Expression correlation analyses further demon-
strated that these genes segregate into two coherent transcriptomic patterns, a structure
that is preserved across both LGG and GB.

Functional enrichment analyses supported this dichotomy, linking the TMBIM1/4/6
group to biological processes related to synaptic vesicle processing and lipase/phospholipase
activity, while the TMBIM2/3/5 axis was associated with cell cycle regulation and tubu-
lin cytoskeleton-associated processes. Together, these findings suggest that TMBIM family
members participate in two distinct transcriptional programmes that most likely differentially
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influence or are influenced by glioma progression. A deeper understanding of the mechanisms
underlying these TMBIM-associated regulatory networks may provide relevant insights into
glioma biology and reveal potential prognostic markers and therapeutic targets. Importantly,
data presented here suggest that the design of any future therapeutic approaches involving
activity or expression manipulation of TMBIMs in glioma must be highly selective towards a
specific group of TMBIMs.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/biology15141179/s1, Figure S1: Association between TMBIM
gene expression and glioma subtype according to IDH status; Figure S2: Gene expression correlation
analysis of TMBIM family gene expression in the Rembrandt dataset.
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7. Pećina-Šlaus, N.; Hrašćan, R. Glioma Stem Cells—Features for New Therapy Design. Cancers 2024, 16, 1557. [CrossRef] [PubMed]
8. Elias, A.F.; Lin, B.C.; Piggott, B.J. Ion Channels in Gliomas—From Molecular Basis to Treatment. Int. J. Mol. Sci. 2023, 24, 2530.

[CrossRef] [PubMed]
9. Kulkarni, G.C.; Saha, R.; Peters, C.J. Ion Channel Expression and Function in Glioblastoma Multiforme (GBM): Pathophysiological

Mechanisms and Therapeutic Potential. Biochim. Biophys. Acta (BBA)—Mol. Cell Res. 2025, 1872, 119982. [CrossRef] [PubMed]
10. Takayasu, T.; Kurisu, K.; Esquenazi, Y.; Ballester, L.Y. Ion Channels and Their Role in the Pathophysiology of Gliomas. Mol.

Cancer Ther. 2020, 19, 1959–1969. [CrossRef] [PubMed]
11. Carrara, G.; Parsons, M.; Saraiva, N.; Smith, G.L. Golgi Anti-Apoptotic Protein: A Tale of Camels, Calcium, Channels and Cancer.

Open Biol. 2017, 7, 170045. [CrossRef] [PubMed]

https://doi.org/10.3390/biology15141179

https://www.mdpi.com/article/10.3390/biology15141179/s1
https://www.mdpi.com/article/10.3390/biology15141179/s1
https://doi.org/10.54499/UID/04567/2025
https://doi.org/10.62658/COFAC/ILIND/CBIOS/4/2024
https://doi.org/10.5281/zenodo.19226542
https://doi.org/10.1038/s41572-024-00516-y
https://www.ncbi.nlm.nih.gov/pubmed/38724526
https://doi.org/10.1093/neuonc/noaf194
https://www.ncbi.nlm.nih.gov/pubmed/41092086
https://doi.org/10.1146/annurev-pathmechdis-042524-025950
https://www.ncbi.nlm.nih.gov/pubmed/41061166
https://doi.org/10.3390/cancers14102412
https://www.ncbi.nlm.nih.gov/pubmed/35626018
https://doi.org/10.1016/j.isci.2025.113347
https://www.ncbi.nlm.nih.gov/pubmed/40927676
https://doi.org/10.3390/biomedicines13030759
https://www.ncbi.nlm.nih.gov/pubmed/40149733
https://doi.org/10.3390/cancers16081557
https://www.ncbi.nlm.nih.gov/pubmed/38672638
https://doi.org/10.3390/ijms24032530
https://www.ncbi.nlm.nih.gov/pubmed/36768856
https://doi.org/10.1016/j.bbamcr.2025.119982
https://www.ncbi.nlm.nih.gov/pubmed/40328081
https://doi.org/10.1158/1535-7163.MCT-19-0929
https://www.ncbi.nlm.nih.gov/pubmed/33008831
https://doi.org/10.1098/rsob.170045
https://www.ncbi.nlm.nih.gov/pubmed/28469007
https://doi.org/10.3390/biology15141179


Biology 2026, 15, 1179 12 of 14

12. Chang, Y.; Bruni, R.; Kloss, B.; Assur, Z.; Kloppmann, E.; Rost, B.; Hendrickson, W.A.; Liu, Q. Structural Basis for a pH-Sensitive
Calcium Leak across Membranes. Science 2014, 344, 1131–1135. [CrossRef] [PubMed]

13. Carrara, G.; Saraiva, N.; Parsons, M.; Byrne, B.; Prole, D.L.; Taylor, C.W.; Smith, G.L. Golgi Anti-Apoptotic Proteins Are Highly
Conserved Ion Channels That Affect Apoptosis and Cell Migration. J. Biol. Chem. 2015, 290, 11785–11801. [CrossRef] [PubMed]

14. Saraiva, N.; Prole, D.L.; Carrara, G.; Johnson, B.F.; Taylor, C.W.; Parsons, M.; Smith, G.L. hGAAP Promotes Cell Adhesion and
Migration via the Stimulation of Store-Operated Ca2+ Entry and Calpain 2. J. Cell Biol. 2013, 202, 699–713. [CrossRef] [PubMed]

15. Lisak, D.A.; Schacht, T.; Enders, V.; Habicht, J.; Kiviluoto, S.; Schneider, J.; Henke, N.; Bultynck, G.; Methner, A. The Transmem-
brane Bax Inhibitor Motif (TMBIM) Containing Protein Family: Tissue Expression, Intracellular Localization and Effects on the
ER CA2+-Filling State. Biochim. Biophys. Acta (BBA)—Mol. Cell Res. 2015, 1853, 2104–2114. [CrossRef] [PubMed]

16. Gubser, C.; Bergamaschi, D.; Hollinshead, M.; Lu, X.; Van Kuppeveld, F.J.M.; Smith, G.L. A New Inhibitor of Apoptosis from
Vaccinia Virus and Eukaryotes. PLoS Pathog. 2007, 3, e17. [CrossRef] [PubMed]

17. Austin, S.; Mekis, R.; Mohammed, S.E.M.; Scalise, M.; Wang, W.; Galluccio, M.; Pfeiffer, C.; Borovec, T.; Parapatics, K.; Vitko, D.;
et al. TMBIM5 Is the Ca2+/H+ Antiporter of Mammalian Mitochondria. EMBO Rep. 2022, 23, e54978. [CrossRef] [PubMed]

18. Xu, C.; Xu, W.; Palmer, A.E.; Reed, J.C. BI-1 Regulates Endoplasmic Reticulum Ca2+ Homeostasis Downstream of Bcl-2 Family
Proteins. J. Biol. Chem. 2008, 283, 11477–11484. [CrossRef] [PubMed]

19. Zhao, H.; Ito, A.; Kimura, S.H.; Yabuta, N.; Sakai, N.; Ikawa, M.; Okabe, M.; Matsuzawa, Y.; Yamashita, S.; Nojima, H. RECS1
Deficiency in Mice Induces Susceptibility to Cystic Medial Degeneration. Genes Genet. Syst. 2006, 81, 41–50. [CrossRef] [PubMed]

20. Li, J.; Cui, J.; Li, X.; Zhu, D.; Chen, Z.; Huang, X.; Wang, Y.; Wu, Q.; Tian, Y. TMBIM-2 Orchestrates Systemic Mitochondrial Stress
Response via Facilitating Ca2+ Oscillations. J. Cell Biol. 2025, 224, e202408050. [CrossRef] [PubMed]

21. Almeida, N.; Carrara, G.; Palmeira, C.M.; Fernandes, A.S.; Parsons, M.; Smith, G.L.; Saraiva, N. Stimulation of Cell Invasion by
the Golgi Ion Channel GAAP/TMBIM4 via an H2O2-Dependent Mechanism. Redox Biol. 2020, 28, 101361. [CrossRef] [PubMed]

22. Kim, H.-K.; Bhattarai, K.R.; Junjappa, R.P.; Ahn, J.H.; Pagire, S.H.; Yoo, H.J.; Han, J.; Lee, D.; Kim, K.-W.; Kim, H.-R.; et al.
TMBIM6/BI-1 Contributes to Cancer Progression through Assembly with mTORC2 and AKT Activation. Nat. Commun. 2020, 11,
4012. [CrossRef] [PubMed]

23. Robinson, K.S.; Sennhenn, P.; Yuan, D.S.; Liu, H.; Taddei, D.; Qian, Y.; Luo, W. TMBIM6/BI-1 Is an Intracellular Environmental
Regulator That Induces Paraptosis in Cancer via ROS and Calcium-Activated ERAD II Pathways. Oncogene 2025, 44, 494–512.
[CrossRef] [PubMed]

24. Cai, J.; Gao, L.; Wang, Y.; Li, Y.; Ye, Z.; Tong, S.; Yan, T.; Sun, Q.; Xu, Y.; Jiang, H.; et al. TMBIM1 Promotes Proliferation and
Attenuates Apoptosis in Glioblastoma Cells by Targeting the P38 MAPK Signalling Pathway. Transl. Oncol. 2022, 19, 101391.
[CrossRef] [PubMed]

25. Gao, L.; Liu, J.; Li, Y.; Yang, J.; Cai, J.; Wang, L.; Ye, Z.; Tong, S.; Deng, G.; Chen, Q.; et al. TMBIM1 Promotes Epithelial
Mesenchymal Transition by Accelerating Autophagic Degradation of E-Cadherin in Glioblastoma. Sci. Rep. 2025, 15, 17488.
[CrossRef] [PubMed]

26. Liu, Q. TMBIM-Mediated Ca2+ Homeostasis and Cell Death. Biochim. Biophys. Acta (BBA)—Mol. Cell Res. 2017, 1864, 850–857.
[CrossRef] [PubMed]

27. Xu, D.-H.; Li, Q.; Hu, H.; Ni, B.; Liu, X.; Huang, C.; Zhang, Z.-Z.; Zhao, G. Transmembrane Protein GRINA Modulates Aerobic
Glycolysis and Promotes Tumor Progression in Gastric Cancer. J. Exp. Clin. Cancer Res. 2018, 37, 308. [CrossRef] [PubMed]

28. Weinstein, J.N.; Collisson, E.A.; Mills, G.B.; Shaw, K.R.M.; Ozenberger, B.A.; Ellrott, K.; Shmulevich, I.; Sander, C.; Stuart, J.M. The
Cancer Genome Atlas Pan-Cancer Analysis Project. Nat. Genet. 2013, 45, 1113–1120. [CrossRef] [PubMed]

29. The Cancer Genome Atlas Research Network. Comprehensive, Integrative Genomic Analysis of Diffuse Lower-Grade Gliomas.
N. Engl. J. Med. 2015, 372, 2481–2498. [CrossRef] [PubMed]

30. Gusev, Y.; Bhuvaneshwar, K.; Song, L.; Zenklusen, J.-C.; Fine, H.; Madhavan, S. The REMBRANDT Study, a Large Collection of
Genomic Data from Brain Cancer Patients. Sci. Data 2018, 5, 180158. [CrossRef] [PubMed]

31. Bowman, R.L.; Wang, Q.; Carro, A.; Verhaak, R.G.W.; Squatrito, M. GlioVis Data Portal for Visualization and Analysis of Brain
Tumor Expression Datasets. Neuro-Oncology 2017, 19, 139–141. [CrossRef] [PubMed]

32. Zhao, Z.; Zhang, K.-N.; Wang, Q.; Li, G.; Zeng, F.; Zhang, Y.; Wu, F.; Chai, R.; Wang, Z.; Zhang, C.; et al. Chinese Glioma Genome
Atlas (CGGA): A Comprehensive Resource with Functional Genomic Data from Chinese Glioma Patients. Genom. Proteom.
Bioinform. 2021, 19, 1–12. [CrossRef] [PubMed]

33. Yu, G.; Wang, L.-G.; Han, Y.; He, Q.-Y. clusterProfiler: An R Package for Comparing Biological Themes Among Gene Clusters.
OMICS J. Integr. Biol. 2012, 16, 284–287. [CrossRef] [PubMed]

34. Tang, D.; Chen, M.; Huang, X.; Zhang, G.; Zeng, L.; Zhang, G.; Wu, S.; Wang, Y. SRplot: A Free Online Platform for Data
Visualization and Graphing. PLoS ONE 2023, 18, e0294236. [CrossRef] [PubMed]

35. Organisation Mondiale de la Santé, Centre International de Recherche sur le Cancer (Ed.) World Health Organization Classification
of Tumours, 5th ed.; Central Nervous System Tumours; International Agency for Research on Cancer: Lyon, France, 2021.

https://doi.org/10.3390/biology15141179

https://doi.org/10.1126/science.1252043
https://www.ncbi.nlm.nih.gov/pubmed/24904158
https://doi.org/10.1074/jbc.M115.637306
https://www.ncbi.nlm.nih.gov/pubmed/25713081
https://doi.org/10.1083/jcb.201301016
https://www.ncbi.nlm.nih.gov/pubmed/23940116
https://doi.org/10.1016/j.bbamcr.2015.03.002
https://www.ncbi.nlm.nih.gov/pubmed/25764978
https://doi.org/10.1371/journal.ppat.0030017
https://www.ncbi.nlm.nih.gov/pubmed/17319741
https://doi.org/10.15252/embr.202254978
https://www.ncbi.nlm.nih.gov/pubmed/36321428
https://doi.org/10.1074/jbc.M708385200
https://www.ncbi.nlm.nih.gov/pubmed/18299329
https://doi.org/10.1266/ggs.81.41
https://www.ncbi.nlm.nih.gov/pubmed/16607040
https://doi.org/10.1083/jcb.202408050
https://www.ncbi.nlm.nih.gov/pubmed/40100072
https://doi.org/10.1016/j.redox.2019.101361
https://www.ncbi.nlm.nih.gov/pubmed/31693977
https://doi.org/10.1038/s41467-020-17802-4
https://www.ncbi.nlm.nih.gov/pubmed/32782388
https://doi.org/10.1038/s41388-024-03222-x
https://www.ncbi.nlm.nih.gov/pubmed/39609612
https://doi.org/10.1016/j.tranon.2022.101391
https://www.ncbi.nlm.nih.gov/pubmed/35279540
https://doi.org/10.1038/s41598-025-01699-4
https://www.ncbi.nlm.nih.gov/pubmed/40394049
https://doi.org/10.1016/j.bbamcr.2016.12.023
https://www.ncbi.nlm.nih.gov/pubmed/28064000
https://doi.org/10.1186/s13046-018-0974-1
https://www.ncbi.nlm.nih.gov/pubmed/30541591
https://doi.org/10.1038/ng.2764
https://www.ncbi.nlm.nih.gov/pubmed/24071849
https://doi.org/10.1056/NEJMoa1402121
https://www.ncbi.nlm.nih.gov/pubmed/26061751
https://doi.org/10.1038/sdata.2018.158
https://www.ncbi.nlm.nih.gov/pubmed/30106394
https://doi.org/10.1093/neuonc/now247
https://www.ncbi.nlm.nih.gov/pubmed/28031383
https://doi.org/10.1016/j.gpb.2020.10.005
https://www.ncbi.nlm.nih.gov/pubmed/33662628
https://doi.org/10.1089/omi.2011.0118
https://www.ncbi.nlm.nih.gov/pubmed/22455463
https://doi.org/10.1371/journal.pone.0294236
https://www.ncbi.nlm.nih.gov/pubmed/37943830
https://doi.org/10.3390/biology15141179


Biology 2026, 15, 1179 13 of 14

36. Xu, B. Prediction and Analysis of Hub Genes between Glioblastoma and Low-Grade Glioma Using Bioinformatics Analysis.
Medicine 2021, 100, e23513. [CrossRef] [PubMed]

37. Li, Y.; Sun, H. Multi-Omics Analysis Identifies Novels Genes Involved in Glioma Prognosis. Sci. Rep. 2025, 15, 5806. [CrossRef]
[PubMed]

38. Silsirivanit, A. Glycan and Glycosylation as a Target for Treatment of Glioblastoma. In Glioblastoma—Current Evidence; Agrawal,
A., Singh Kunwar, D., Eds.; IntechOpen: London, UK, 2023.

39. Xuan, R.; Hu, T.; Cai, L.; Zhao, B.; Han, E.; Xia, Z. CARD16 Restores Tumorigenesis and Restraints Apoptosis in Glioma Cells Via
FOXO1/TRAIL Axis. Cell Death Dis. 2024, 15, 804. [CrossRef] [PubMed]

40. Bellail, A.C.; Olson, J.J.; Yang, X.; Chen, Z.J.; Hao, C. A20 Ubiquitin Ligase–Mediated Polyubiquitination of RIP1 Inhibits
Caspase-8 Cleavage and TRAIL-Induced Apoptosis in Glioblastoma. Cancer Discov. 2012, 2, 140–155. [CrossRef] [PubMed]

41. Tian, G.; Li, Q.; Niu, L.; Luo, Y.; Wang, H.; Kang, W.; Fang, X.; Bai, S.; Yuan, G.; Pan, Y. CASP4 Can Be a Diagnostic Biomarker and
Correlated with Immune Infiltrates in Gliomas. Front. Oncol. 2023, 12, 1025065. [CrossRef] [PubMed]

42. Xue, L.; Lu, B.; Gao, B.; Shi, Y.; Xu, J.; Yang, R.; Xu, B.; Ding, P. NLRP3 Promotes Glioma Cell Proliferation and Invasion via the
Interleukin-1β/NF-κB P65 Signals. Oncol. Res. 2019, 27, 557–564. [CrossRef] [PubMed]

43. Narasimhappagari, J.; Liu, L.; Balasubramaniam, M.; Ayyadevara, S.; Aboud, O.; Griffin, W.S.T. The Seminal Role of the
Proinflammatory Cytokine IL-1β and Its Signaling Cascade in Glioblastoma Pathogenesis and the Therapeutic Effect of Interleukin-
1β Receptor Antagonist (IL-1RA) and Tolcapone. Int. J. Mol. Sci. 2025, 26, 6893. [CrossRef] [PubMed]

44. Lee, S.; Roh, J.; Yoon, G.; Kang, J.; Youn, B.; Kim, W. Identification of CXCL8, IL1A, and IL1B as Hub Genes of Therapeutic
Resistance in Glioblastoma Multiforme via Bioinformatics Analysis. Cancer Genom. Proteom. 2025, 22, 791–808. [CrossRef]
[PubMed]

45. Stuart, S.F.; Curpen, P.; Gomes, A.J.; Lan, M.C.; Nie, S.; Williamson, N.A.; Kannourakis, G.; Morokoff, A.P.; Achuthan, A.A.;
Luwor, R.B. Interleukin-11/IL-11 Receptor Promotes Glioblastoma Cell Proliferation, Epithelial–Mesenchymal Transition, and
Invasion. Brain Sci. 2024, 14, 89. [CrossRef] [PubMed]

46. Kai, K.; Komohara, Y.; Esumi, S.; Fujiwara, Y.; Yamamoto, T.; Uekawa, K.; Ohta, K.; Takezaki, T.; Kuroda, J.; Shinojima, N.; et al.
Macrophage/Microglia-Derived IL-1β Induces Glioblastoma Growth via the STAT3/NF-κB Pathway. Hum. Cell 2022, 35, 226–237.
[CrossRef] [PubMed]

47. Kim, H.-K.; Lee, G.-H.; Bhattarai, K.R.; Lee, M.-S.; Back, S.H.; Kim, H.-R.; Chae, H.-J. TMBIM6 (Transmembrane BAX Inhibitor
Motif Containing 6) Enhances Autophagy through Regulation of Lysosomal Calcium. Autophagy 2021, 17, 761–778. [CrossRef]
[PubMed]

48. Guo, G.; Xu, M.; Chang, Y.; Luyten, T.; Seitaj, B.; Liu, W.; Zhu, P.; Bultynck, G.; Shi, L.; Quick, M.; et al. Ion and pH Sensitivity of a
TMBIM Ca2+ Channel. Structure 2019, 27, 1013–1021.e3. [CrossRef] [PubMed]

49. Pienkowski, T.; Mojsak, P.; Kowalczyk, T.; Cysewski, D.; Krupa, M.; Rutkowski, R.; Mariak, Z.; Godlewski, A.; Reszec, J.;
Moniuszko, M.; et al. Proteomic Profiling Reveals Dynamic Regulation of Vesicle Trafficking across Glioma Grades. J. Neurooncol.
2025, 175, 585–598. [CrossRef] [PubMed]

50. Portela, M.; Segura-Collar, B.; Argudo, I.; Sáiz, A.; Gargini, R.; Sánchez-Gómez, P.; Casas-Tintó, S. Oncogenic Dependence of
Glioma Cells on Kish/TMEM167A Regulation of Vesicular Trafficking. Glia 2019, 67, 404–417. [CrossRef] [PubMed]

51. Venkataramani, V.; Tanev, D.I.; Strahle, C.; Studier-Fischer, A.; Fankhauser, L.; Kessler, T.; Körber, C.; Kardorff, M.; Ratliff, M.; Xie,
R.; et al. Glutamatergic Synaptic Input to Glioma Cells Drives Brain Tumour Progression. Nature 2019, 573, 532–538. [CrossRef]
[PubMed]

52. Radin, D.P.; Shifman, S.; Outhwaite, I.R.; Sharma, A.; Bases, R.; Seeliger, M.A.; Tsirka, S.E. Lucanthone, a Potential PPT1 Inhibitor,
Perturbs Stemness, Reduces Tumor Microtube Formation, and Slows the Growth of Temozolomide-Resistant Gliomas In Vivo. J.
Pharmacol. Exp. Ther. 2024, 389, 51–60. [CrossRef] [PubMed]

53. Rebecca, V.W.; Nicastri, M.C.; Fennelly, C.; Chude, C.I.; Barber-Rotenberg, J.S.; Ronghe, A.; McAfee, Q.; McLaughlin, N.P.; Zhang,
G.; Goldman, A.R.; et al. PPT1 Promotes Tumor Growth and Is the Molecular Target of Chloroquine Derivatives in Cancer. Cancer
Discov. 2019, 9, 220–229. [CrossRef] [PubMed]

54. Wang, Y.-L.; Yao, J.; Chakhoyan, A.; Raymond, C.; Salamon, N.; Liau, L.M.; Nghiemphu, P.L.; Lai, A.; Pope, W.B.; Nguyen, N.; et al.
Association between Tumor Acidity and Hypervascularity in Human Gliomas Using pH-Weighted Amine Chemical Exchange
Saturation Transfer Echo-Planar Imaging and Dynamic Susceptibility Contrast Perfusion MRI at 3T. AJNR Am. J. Neuroradiol.
2019, 40, 979–986. [CrossRef] [PubMed]

55. Zhang, X.; Zhou, H.; Han, W.; Zhang, D.; Han, X.; Hou, L.; Li, H.; Sun, G.; Xue, X. SYST-16 ANXA5 Promotes Glioma Progression
through the FAK/PI3K/AKT Pathway. Neuro-Oncol. Adv. 2023, 5, iii30–iii31. [CrossRef]

56. Wei, B.; Guo, C.; Liu, S.; Sun, M.-Z. Annexin A4 and Cancer. Clin. Chim. Acta 2015, 447, 72–78. [CrossRef] [PubMed]
57. Maule, F.; Bresolin, S.; Rampazzo, E.; Boso, D.; Puppa, A.D.; Esposito, G.; Porcù, E.; Mitola, S.; Lombardi, G.; Accordi, B.; et al.

Annexin 2A Sustains Glioblastoma Cell Dissemination and Proliferation. Oncotarget 2016, 7, 54632–54649. [CrossRef] [PubMed]

https://doi.org/10.3390/biology15141179

https://doi.org/10.1097/MD.0000000000023513
https://www.ncbi.nlm.nih.gov/pubmed/33545929
https://doi.org/10.1038/s41598-025-90658-0
https://www.ncbi.nlm.nih.gov/pubmed/39962318
https://doi.org/10.1038/s41419-024-07196-2
https://www.ncbi.nlm.nih.gov/pubmed/39516471
https://doi.org/10.1158/2159-8290.CD-11-0172
https://www.ncbi.nlm.nih.gov/pubmed/22585859
https://doi.org/10.3389/fonc.2022.1025065
https://www.ncbi.nlm.nih.gov/pubmed/36713560
https://doi.org/10.3727/096504018X15264647024196
https://www.ncbi.nlm.nih.gov/pubmed/29769161
https://doi.org/10.3390/ijms26146893
https://www.ncbi.nlm.nih.gov/pubmed/40725140
https://doi.org/10.21873/cgp.20537
https://www.ncbi.nlm.nih.gov/pubmed/40883024
https://doi.org/10.3390/brainsci14010089
https://www.ncbi.nlm.nih.gov/pubmed/38248304
https://doi.org/10.1007/s13577-021-00619-8
https://www.ncbi.nlm.nih.gov/pubmed/34591282
https://doi.org/10.1080/15548627.2020.1732161
https://www.ncbi.nlm.nih.gov/pubmed/32167007
https://doi.org/10.1016/j.str.2019.03.003
https://www.ncbi.nlm.nih.gov/pubmed/30930064
https://doi.org/10.1007/s11060-025-05151-5
https://www.ncbi.nlm.nih.gov/pubmed/40705199
https://doi.org/10.1002/glia.23551
https://www.ncbi.nlm.nih.gov/pubmed/30506943
https://doi.org/10.1038/s41586-019-1564-x
https://www.ncbi.nlm.nih.gov/pubmed/31534219
https://doi.org/10.1124/jpet.123.002021
https://www.ncbi.nlm.nih.gov/pubmed/38296645
https://doi.org/10.1158/2159-8290.CD-18-0706
https://www.ncbi.nlm.nih.gov/pubmed/30442709
https://doi.org/10.3174/ajnr.A6063
https://www.ncbi.nlm.nih.gov/pubmed/31097430
https://doi.org/10.1093/noajnl/vdad070.120
https://doi.org/10.1016/j.cca.2015.05.016
https://www.ncbi.nlm.nih.gov/pubmed/26048190
https://doi.org/10.18632/oncotarget.10565
https://www.ncbi.nlm.nih.gov/pubmed/27429043
https://doi.org/10.3390/biology15141179


Biology 2026, 15, 1179 14 of 14

58. Tu, Y.; Xie, P.; Du, X.; Fan, L.; Bao, Z.; Sun, G.; Zhao, P.; Chao, H.; Li, C.; Zeng, A.; et al. S100A11 Functions as Novel Oncogene in
Glioblastoma via S100A11/ANXA2/NF-κB Positive Feedback Loop. J. Cell. Mol. Med. 2019, 23, 6907–6918. [CrossRef] [PubMed]

59. Herman, J.A.; Toledo, C.M.; Olson, J.M.; DeLuca, J.G.; Paddison, P.J. Molecular Pathways: Regulation and Targeting of
Kinetochore–Microtubule Attachment in Cancer. Clin. Cancer Res. 2015, 21, 233–239. [CrossRef] [PubMed]

60. Richardson, T.E.; Walker, J.M.; Abdullah, K.G.; McBrayer, S.K.; Viapiano, M.S.; Mussa, Z.M.; Tsankova, N.M.; Snuderl, M.;
Hatanpaa, K.J. Chromosomal Instability in Adult-Type Diffuse Gliomas. Acta Neuropathol. Commun. 2022, 10, 115. [CrossRef]
[PubMed]

61. Katsetos, C.D.; Reginato, M.J.; Baas, P.W.; D’Agostino, L.; Legido, A.; Tuszyn’ski, J.A.; Dráberová, E.; Dráber, P. Emerging
Microtubule Targets in Glioma Therapy. Semin. Pediatr. Neurol. 2015, 22, 49–72. [CrossRef] [PubMed]

62. Katsetos, C.D.; Draber, P.; Kavallaris, M. Targeting BIII-Tubulin in Glioblastoma Multiforme: From Cell Biology and Histopathol-
ogy to Cancer Therapeutics. Anti-Cancer Agents Med. Chem. 2011, 11, 719–728. [CrossRef] [PubMed]

63. DeLuca, J.; Paddison, P. CSIG-34. MAP KINASE-Induced Kinetochore Stress in Glioblastoma. Neuro-Oncology 2025, 27, v91.
[CrossRef]

64. Perou, C.M.; Sørlie, T.; Eisen, M.B.; Van De Rijn, M.; Jeffrey, S.S.; Rees, C.A.; Pollack, J.R.; Ross, D.T.; Johnsen, H.; Akslen, L.A.;
et al. Molecular Portraits of Human Breast Tumours. Nature 2000, 406, 747–752. [CrossRef] [PubMed]

65. Xia, Z.; Wei, P.; Zhang, H.; Ding, Z.; Yang, L.; Huang, Z.; Zhang, N. AURKA Governs Self-Renewal Capacity in Glioma-Initiating
Cells via Stabilization/Activation of β-Catenin/Wnt Signaling. Mol. Cancer Res. 2013, 11, 1101–1111. [CrossRef] [PubMed]

66. Cetin, M.H.; Rieckmann, T.; Hoffer, K.; Riepen, B.; Christiansen, S.; Gatzemeier, F.; Feyerabend, S.; Schoof, M.; Schüller, U.;
Petersen, C.; et al. G2 Checkpoint Targeting via Wee1 Inhibition Radiosensitizes EGFRvIII-Positive Glioblastoma Cells. Radiat.
Oncol. 2023, 18, 19. [CrossRef] [PubMed]

67. Music, D.; Dahlrot, R.H.; Hermansen, S.K.; Hjelmborg, J.; De Stricker, K.; Hansen, S.; Kristensen, B.W. Expression and Prognostic
Value of the WEE1 Kinase in Gliomas. J. Neurooncol. 2016, 127, 381–389. [CrossRef] [PubMed]

68. Hu, Y.; Ru, N.; Xiao, H.; Chaturbedi, A.; Hoa, N.T.; Tian, X.-J.; Zhang, H.; Ke, C.; Yan, F.; Nelson, J.; et al. Tumor-Specific
Chromosome Mis-Segregation Controls Cancer Plasticity by Maintaining Tumor Heterogeneity. PLoS ONE 2013, 8, e80898.
[CrossRef] [PubMed]

69. Negoto, T.; Komaki, S.; Hashimoto, A.; Yoshitake, H.; Moritsubo, M.; Furuta, T.; Sakata, K.; Nakamura, H.; Morioka, M. CBMS-4
Chomosomal Instability in Glioma Using Spectral Karyotyping Method. Neuro-Oncol. Adv. 2022, 4, iii1–iii2. [CrossRef]

70. Zhang, L.; Yang, J.; Zhou, Z.; Ren, Y.; Chen, B.; Tang, A.; Zhang, K.; Li, C.; Zhou, H.; Fung, K.-M.; et al. A Zinc Transporter Drives
Glioblastoma Progression via Extracellular Vesicles-Reprogrammed Microglial Plasticity. Proc. Natl. Acad. Sci. USA 2025, 122,
e2427073122. [CrossRef] [PubMed]

71. Taylor, K.R.; Barron, T.; Hui, A.; Spitzer, A.; Yalçin, B.; Ivec, A.E.; Geraghty, A.C.; Hartmann, G.G.; Arzt, M.; Gillespie, S.M.; et al.
Glioma Synapses Recruit Mechanisms of Adaptive Plasticity. Nature 2023, 623, 366–374. [CrossRef] [PubMed]

72. Tsuboi, M.; Hirabayashi, Y. New Insights into the Regulation of Synaptic Transmission and Plasticity by the Endoplasmic
Reticulum and Its Membrane Contacts. Proc. Jpn. Acad. Ser. B 2021, 97, 559–572. [CrossRef] [PubMed]

73. Padamsey, Z.; Foster, W.J.; Emptage, N.J. Intracellular Ca2+ Release and Synaptic Plasticity: A Tale of Many Stores. Neuroscientist
2019, 25, 208–226. [CrossRef] [PubMed]

74. García-López, D.; Zaragoza-Ojeda, M.; Eguía-Aguilar, P.; Arenas-Huertero, F. Endoplasmic Reticulum Stress in Gliomas:
Exploiting a Dual-Effect Dysfunction through Chemical Pharmaceutical Compounds and Natural Derivatives for Therapeutical
Uses. Int. J. Mol. Sci. 2024, 25, 4078. [CrossRef] [PubMed]

75. Yang, L.; Xue, R.; Yang, C.; Lv, Y.; Li, S.; Xiang, W.; Guo, X.; Zhou, J. Endoplasmic Reticulum Stress on Glioblastoma: Tumor
Growth Promotion and Immunosuppression. Int. Immunopharmacol. 2025, 157, 114806. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biology15141179

https://doi.org/10.1111/jcmm.14574
https://www.ncbi.nlm.nih.gov/pubmed/31430050
https://doi.org/10.1158/1078-0432.CCR-13-0645
https://www.ncbi.nlm.nih.gov/pubmed/25104085
https://doi.org/10.1186/s40478-022-01420-w
https://www.ncbi.nlm.nih.gov/pubmed/35978439
https://doi.org/10.1016/j.spen.2015.03.009
https://www.ncbi.nlm.nih.gov/pubmed/25976261
https://doi.org/10.2174/187152011797378760
https://www.ncbi.nlm.nih.gov/pubmed/21707498
https://doi.org/10.1093/neuonc/noaf201.0368
https://doi.org/10.1038/35021093
https://www.ncbi.nlm.nih.gov/pubmed/10963602
https://doi.org/10.1158/1541-7786.MCR-13-0044
https://www.ncbi.nlm.nih.gov/pubmed/23761169
https://doi.org/10.1186/s13014-023-02210-x
https://www.ncbi.nlm.nih.gov/pubmed/36709315
https://doi.org/10.1007/s11060-015-2050-4
https://www.ncbi.nlm.nih.gov/pubmed/26738845
https://doi.org/10.1371/journal.pone.0080898
https://www.ncbi.nlm.nih.gov/pubmed/24282558
https://doi.org/10.1093/noajnl/vdac167.003
https://doi.org/10.1073/pnas.2427073122
https://www.ncbi.nlm.nih.gov/pubmed/40305049
https://doi.org/10.1038/s41586-023-06678-1
https://www.ncbi.nlm.nih.gov/pubmed/37914930
https://doi.org/10.2183/pjab.97.028
https://www.ncbi.nlm.nih.gov/pubmed/34897182
https://doi.org/10.1177/1073858418785334
https://www.ncbi.nlm.nih.gov/pubmed/30014771
https://doi.org/10.3390/ijms25074078
https://www.ncbi.nlm.nih.gov/pubmed/38612890
https://doi.org/10.1016/j.intimp.2025.114806
https://www.ncbi.nlm.nih.gov/pubmed/40339490
https://doi.org/10.3390/biology15141179

	Introduction 
	Materials and Methods 
	Patient and Gene Expression Data 
	Association Between TMBIMs Expression and Glioma Tumour Grade 
	Association Between TMBIM Expression and Glioma Patient Survival 
	Identification of Genes with Expression Correlation with TMBIM1-6 in Glioma 
	Gene Ontology Analysis of Correlated Genes 

	Results and Discussion 
	Opposing Glioma Patient Survival Associations Among the TMBIM Family 
	TMBIM Family Members Exhibit Divergent Expression Trends During Glioma Progression 
	TMBIM Transcriptionally Associated Genes Define Two Distinct Landscapes 
	Functional Gene Enrichment Supports Two TMBIM-Associated Transcriptional Programmes 

	Conclusions 
	References

