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Therapeutic resistance and recurrence represent major clinical challenges in 
glioblastoma (GBM), driven by profound tumor heterogeneity and continuous 
clonal evolution under therapeutic pressure. Conventional diagnostic and 
therapeutic strategies, which rely on static sampling, struggle to effectively 
address this dynamic ecosystem. This review synthesizes recent evidence on 
how single-cell and spatial multi-omics technologies are uncovering the 
multidimensional complexity of GBM, spanning its diverse cell states, spatial 
architecture, and clonal dynamics. We dissect the core mechanistic networks 
driving this evolution, including genomic instability, microenvironmental selection 
pressures, cellular plasticity, and the integrative role of core signaling pathways. 
Furthermore, we critically examine the limitations of static diagnostics and 
propose the pathways through which heterogeneity mediates therapeutic 
resistance. Given these challenges, future clinical management should ideally 
transition from a static classification to a dynamic precision paradigm. To this end, 
we explore the application prospects of dynamic monitoring technologies based 
on liquid biopsy and radiomics, as well as novel therapeutic strategies aimed at 
targeting the evolutionary process itself. Ultimately, reconceptualizing GBM as a 
dynamically evolving ecosystem provides a foundational framework for 
understanding therapeutic resistance and is pivotal for developing novel 
strategies that target the evolutionary process itself. However, the clinical 
translation of this framework faces significant hurdles, including the restrictive 
blood-brain barrier, technical constraints in longitudinal monitoring, and the 
complex signaling redundancies that necessitate more adaptive, evolution- 
informed clinical trial designs. This review suggests a potential path toward a 
new paradigm of dynamic precision medicine.

KEYWORDS

clonal evolution, glioblastoma, glioma stem cells, single-cell sequencing, spatial 

transcriptomics, therapeutic resistance, tumor heterogeneity

1 Introduction

Glioblastoma (GBM) remains the most aggressive primary malignant tumor of the 
central nervous system, characterized by a trajectory of recurrence and therapeutic 
resistance (Chang et al., 2024). Despite standard-of-care protocols involving maximal 
safe surgical resection followed by temozolomide-based concurrent chemoradiotherapy, 
the vast majority of tumors recur, often at the peritumoral brain zone (Moujalled et al., 
2022). This dismal prognosis is largely attributable to the high likelihood of recurrence and 
the tumor’s manifestation of both intrinsic and acquired resistance to multiple therapies. 
Most patients experience disease progression following initial treatment, with recurrent 
tumors typically exhibiting increased aggressiveness and therapeutic insensitivity, ultimately 
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leading to therapeutic failure. This reality underscores the necessity 
of a shift beyond traditional, static views of the tumor to explore the 
deeper biological complexities underlying these behaviors. For a 
long time, the diagnosis and classification of GBM have relied on the 
World Health Organization (WHO) grading system and molecular 
subtypes—such as classical, mesenchymal, and 
proneural—provided by The Cancer Genome Atlas (TCGA) 
(Alnahhas, 2024). While these classifications have significantly 
enriched our understanding of inter-tumoral heterogeneity, their 
static nature may fail to capture the dynamic evolution and subtype 
transitions that GBM undergoes under therapeutic pressure, 
revealing a fundamental limitation of this perspective.

Consequently, the research paradigm is fundamentally shifting 
from static description to dynamic evolution. This paradigm centers 
on conceptualizing GBM as an “ecosystem,” which is characterized 
by intratumoral heterogeneity and continuous clonal evolution 
(Kampers et al., 2025). Intratumoral heterogeneity exists not only 
in the spatial dimension—where distinct regions of the same tumor 
harbor cell subpopulations with diverse genotypes and phenotypes 
(spatial heterogeneity)—but more critically, in the temporal 
dimension. Tumor cells undergo continuous Darwinian evolution 
over the disease course, particularly under the selective pressure of 
treatment (temporal heterogeneity) (Mathur et al., 2024; Couturier 
et al., 2020). This process, known as clonal evolution, results in the 
selective enrichment of cellular subclones with survival advantages, 
which eventually become the dominant population in recurrent 
tumor (Favero et al., 2015). Within this context, the scope of this 
review is to map the multidimensional architecture of the GBM 
ecosystem, specifically focusing on the interplay between intrinsic 
cellular plasticity and extrinsic therapeutic pressures. We 
systematically delineate the driving mechanisms of heterogeneity 
and clonal evolution in GBM, argue for the necessity of transitioning 
from static classification to dynamic precision management, and 
provide a perspective on novel diagnostic and therapeutic strategies 
based on evolutionary biology principles (Figure 1).

2 Methods

This review followed a structured approach to synthesize recent 
advances in GBM tumor heterogeneity and clonal evolution. We 
performed a comprehensive literature search across the PubMed/ 
MEDLINE and Web of Science databases, with the last search 
conducted on 1 May 2026. To ensure a balanced and high- 
quality evidence base, our search strategy incorporated a 
combination of Medical Subject Headings (MeSH) and free-text 
keywords (“glioblastoma” OR “GBM”) AND (“tumor 
heterogeneity” OR “clonal evolution”) AND (“single-cell 
sequencing” OR “spatial transcriptomics”) AND (“tumor 
microenvironment” OR “therapeutic resistance”). The search was 
restricted to articles published between 2015 and 2026. The 

systematic screening and selection process is illustrated in the 
PRISMA flow diagram (Supplementary Figure S1). In terms of 
study selection, we prioritized peer-reviewed original research, 
authoritative reviews, and landmark studies that collectively 
illustrate the multidimensional nature of the GBM ecosystem. 
Inclusion criteria focused on studies providing biological or 
clinical insights into GBM heterogeneity. Studies were excluded if 
they were case reports, preprints, non-English publications, or not 
specifically focused on GBM. Key studies identified from reference 
lists of retrieved articles were also integrated to ensure 
comprehensive coverage.

3 Results

3.1 Unraveling multidimensional 
heterogeneity: from technological 
breakthroughs to bio-logical insights

Understanding the mechanisms of therapeutic resistance in 
GBM requires deciphering its intrinsic heterogeneity. Recent 
advances in single-cell and spatial multi-omics technologies 
have enabled researchers to move beyond traditional bulk 
tissue-based analyses, systematically deconvolving the 
complex composition of GBM across cellular and spatial 
dimensions. In the following sections, we elaborate on the 
features and biological implications of GBM heterogeneity in 
spatial organization and temporal dynamics, as revealed by these 
technological advancements.

3.1.1 Single-cell and spatial multi-omics 
technologies: core tools for deconvoluting 
complexity

Conventional bulk tissue-based genomic and transcriptomic 
analyses average the molecular signals of all cells within a tumor, 
often obscuring the underlying cellular diversity. To overcome this, 
single-cell and spatial multi-omics technologies enable a high- 
resolution dissection of the GBM ecosystem by performing 
molecular analyses on individual cells while preserving their 
native spatial context.

Single-cell RNA sequencing (scRNA-seq) provides an unbiased 
view of the cellular panorama within the tumor microenvironment 
(TME), revealing continuous spectra of transcriptional 
states—including neural-progenitor-like, mesenchymal-like, and 
oligodendrocyte-progenitor-like states (Hara et al., 2021). This 
suggests that malignant cell identity in GBM is highly plastic, 
frequently undergoing dynamic transitions in response to 
microenvironmental cues rather than being rigidly fixed. 
Complementing this, single-cell DNA sequencing (scDNA-seq) 
identifies single nucleotide variants and copy number alterations, 
enabling the reconstruction of phylogenetic trees to elucidate clonal 
origins and evolutionary relationships (Zhang et al., 2023; Weber 
et al., 2023). When integrated with spatial technologies, such as 
spatial transcriptomics and multiplexed immunofluorescence, these 
tools anchor molecular insights to specific histological niches, such 
as perivascular regions, necrotic peripheries, and the invasive front 
(Yang et al., 2024; Onubogu et al., 2024).

Abbreviations: ctDNA, Circulating tumor DNA; GBM, Glioblastoma; GSCs, 
Glioma stem cells; HIFs, Hypoxia-inducible factors; scDNA-seq, Single-cell 
DNA sequencing; scRNA-seq, Single-cell RNA sequencing; TCGA, The cancer 
genome atlas; TME, Tumor microenvironment; TERT, Telomerase reverse 
transcriptase; WHO, World health organization.
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The genomic complexity of GBM is thus not confined to static 
mutational landscapes but manifests as an intricately intertwined 
network of inter-clonal genetic heterogeneity and transcriptional 
plasticity, driven by the interplay between stochastic mutations, 
therapy-induced genomic instability, and adaptive state transitions. 
By leveraging these multi-layered technologies, research has 
demonstrated that GBM often exhibits a branched evolutionary 
pattern, with multiple genetically distinct subclones already present 
at diagnosis (Sottoriva et al., 2013). Furthermore, these technologies 
reveal a strong correlation between cellular states and spatial 
context; for instance, mesenchymal-like cells are frequently 
enriched at the invasive front, whereas stem-like cells 
predominantly reside in perivascular niches (Ghochani et al., 2022).

Despite these advancements, applying these technologies faces 
challenges including sensitivity to sample quality, trade-offs between 
resolution and throughput, and the significant computational 
demands of multi-dimensional dataset integration. While these 
represent active areas of methodological research, they do not 
diminish the novel insights into GBM heterogeneity that these 
technologies have provided. A summary of these capabilities and 
limitations is provided in Figure 2.

3.1.2 A dynamic ecosystem forged by spatial and 
temporal heterogeneity

The spatial organization of GBM is not a static backdrop but a 
dynamic stage that facilitates clonal evolution. This section connects 
the previously described cellular states to their geographical niches 
and reveals how their interplay in space and time forges the evolving 
ecosystem that drives recurrence. Multi-omics findings reveal that 
GBM is not a disorganized cellular aggregate but a system with a 
highly organized architecture (Read et al., 2024; Liu M. et al., 2024). 
The diverse core cellular states defined by single-cell transcriptomics 

exhibit distinct regional enrichments within the tumor, forming the 
basis of spatial heterogeneity. Hypoxic regions in the tumor core are 
predominantly populated by cell clusters expressing stress-response 
and autophagy-related genes, whose survival hinges on adaptive 
responses to hypoxic conditions (Lemoine et al., 2025).

This spatial organization is directed by highly specialized 
molecular programs. For instance, in the hypoxic core, the 
stabilization of HIF-1α activates transcriptional networks that 
upregulate genes involved in metabolic reprogramming, such as 
P4HA1 (18), thereby ensuring cellular survival under low-oxygen 
stress. Furthermore, temporal clonal dynamics are underpinned by 
distinct genetic drivers. The amplification of EGFR (particularly the 
EGFRvIII variant) acts as a primary engine for proliferative 
signaling, yet this driver can be bypassed under therapeutic 
pressure by the compensatory activation of the MET or PI3K/ 
AKT pathways (Singh et al., 2021). Simultaneously, the loss of 
tumor suppressors such as PTEN creates a permissive 
environment for genomic instability, facilitating the emergence of 
diverse subclonal lineages that are genetically equipped to withstand 
standard therapies (Brennan et al., 2013; Minea et al., 2024). 
Collectively, these specific genetic alterations and their 
downstream signaling interactions orchestrate the adaptive 
trajectories of the GBM ecosystem.

In contrast, the invasive front is chiefly composed of cells with a 
mesenchymal-like transcriptional state, characterized by high 
expression of genes like ZEB1 and STAT3 involved in 
extracellular matrix remodeling and cell migration (Hendriksen 
et al., 2024; Lv et al., 2022); their spatial distribution strongly 
correlates with the infiltrative growth pattern (Verhaak et al., 
2010; Bhat et al., 2013). Furthermore, the perivascular niche is 
recognized as a key reservoir for glioma stem cells (GSCs), where 
interactions with stromal cells, such as endothelial cells and tumor- 
associated macrophages, collaboratively maintain a 

FIGURE 1 
The dynamic evolution of the glioblastoma ecosystem under therapeutic pressure. Original schematic illustrating the Darwinian selection process 
within the GBM ecosystem during standard chemoradiotherapy. Before treatment (left), the tumor exhibits high intratumoral heterogeneity, containing 
tumor cells, glioma stem cells (GSCs), and hypoxic cell niches. Following therapeutic intervention (chemotherapy and radiotherapy), the selective pressure 
eradicates treatment-sensitive populations, facilitating the expansion of resistant subclones, particularly mesenchymal-like cells and GSCs (right), 
which ultimately drive disease recurrence. Abbreviations: GSCs, glioma stem cells; GBM, glioblastoma.
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microenvironment conducive to stemness maintenance and 
therapeutic resistance (Calabrese et al., 2007).

This highly organized spatial structure provides the stage for 
clonal evolution. Temporal heterogeneity—the clonal dynamics 
under therapeutic pressure—is inextricably intertwined with the 
spatial dimension, collectively shaping a dynamically evolving 
ecosystem (Goenka et al., 2021; Qazi et al., 2022). Therapeutic 
resistance and recurrence in GBM are direct consequences of 
clonal succession and adaptive evolution of the tumor cell 
population within this spatial framework. The evolutionary 
patterns primarily manifest in three forms, each closely 
linked to spatial structure: First, evolution occurs as “regional 
parallel evolution.” Subclones residing in geographically 
separated niches (e.g., tumor core versus invasive front) 
within the primary tumor independently acquire genetic or 
epigenetic alterations under therapeutic selection (Onubogu 
et al., 2024; Kim et al., 2015). The prevalence of branched 
evolution is a structural hallmark of GBM. Quantitative 
analysis in seminal multi-region sequencing cohorts revealed 
that branched evolutionary patterns occur in approximately 85% 
of cases, with multiple genetically distinct subclonal lineages 
detectable as early as initial diagnosis (Qazi et al., 2022). This 
model is further supported by a recent three-dimensional whole- 
tumor sequencing study, which visualized the macroscopically 
segregated architecture of subclones across different tumor 
masses, providing direct spatial evidence for regional parallel 
evolution (Mathur et al., 2024). Concurrently, evolution often 
manifests as “clonal decline and resurgence.” Therapy eradicates 
treatment-sensitive dominant clones, thereby freeing up 
ecological space for pre-existing yet quiescent or minor 
“founder clones” to expand. This allows such clones to “re- 
emerge” from their original or ectopic locations and become the 
major population at recurrence (Goenka et al., 2021; Kim et al., 
2015). Furthermore, “clonal migration and colonization” is a 
critical pattern. Subclones with specific survival advantages 
migrate from their native niche to other regions and 
successfully establish new tumor sites, acting as seeds for 
distant recurrence (Johnson et al., 2014).

These three patterns collectively demonstrate a complex 
interplay between spatial heterogeneity and evolutionary 
dynamics. The standard therapies themselves are likely the key 
selective pressures driving this evolutionary process. For instance, 
longitudinal single-cell studies have quantified the impact of 
standard-of-care treatment on tumor cell identity. While inter- 
tumoral heterogeneity leads to variable clinical outcomes, 
representative cohorts have demonstrated that the proportion of 
cells exhibiting a mesenchymal-like transcriptional state can 
increase from approximately 25% at primary diagnosis to over 
60% in recurrent tumors following chemotherapy and 
radiotherapy (Matsumoto et al., 2020). This shift is not merely a 
consequence of clonal selection; temozolomide and radiotherapy 
also induce DNA damage and promote hypermutator phenotypes 
(Hegi et al., 2005; Vitiello et al., 2025). Similarly, radiotherapy, while 
eliminating sensitive cells, can alter the microenvironment to create 
favorable conditions for the “resurgence” or “migration and 
colonization” of specific clones (Zhang et al., 2018; Hart et al., 
2024). These evolutionary patterns reflect the dynamic adaptation of 
the tumor cell population under the potent selective pressure exerted 
by treatment.

Moving beyond descriptive accounts of evolutionary history 
towards predicting its future trajectory, the field is increasingly 
incorporating mathematical models from evolutionary biology. 
For example, branching process models can describe how tumor- 
initiating cells form a population comprising multiple genetic 
subclones through stochastic processes of proliferation, death, 
and acquisition of driver mutations (Caravagna et al., 2020). 
When accounting for the marked spatial structure of GBM, 
spatial evolutionary models further incorporate the effects of cell 
migration and local resource competition to simulate clonal 
dynamics across functional regions. Additionally, evolutionary 
game theory provides a powerful theoretical framework for 
understanding the interactions between clones mediated by 
secreted factors or resource competition (Winkler, 2023). 
Integrating these models with longitudinal molecular data holds 
the promise of shifting from “post hoc explanations” to “proactive 
predictions” of tumor evolutionary trajectories. In summary, the 

FIGURE 2 
Comparison of single-cell and spatial multi-omics technologies for deconvoluting GBM complexity. Summary of the key analytical dimensions, 
technological advantages, and current methodological limitations for major single-cell and spatial techniques utilized in GBM research. This comparison 
highlights the complementary nature of these approaches in mapping the tumor ecosystem, from genomic phylogenetics to spatial histological 
localization. Abbreviations: GBM, glioblastoma.
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profound heterogeneity of GBM is a systematic process driven by a 
dual engine: long-term evolutionary potential rooted in pre-existing 
genetic diversity and rapid adaptive capacity fueled by cellular 
plasticity. The synergy between these mechanisms shapes the 
spatiotemporal complexity we observe, and deciphering this 
system is essential for developing effective intervention strategies.

3.2 Core mechanisms driving heterogeneity 
and clonal evolution

The profound heterogeneity and evolution described above are 
orchestrated by a multi-layered functional architecture. This chapter 
aims to propose an integrative framework positing that the core 
mechanisms driving this process do not operate in isolation but 
constitute a hierarchical functional architecture. This system is 
underpinned by genomic instability providing the substrate for 
diversity, shaped by external selection from the TME, mediated 
by rapid adaptation via cellular plasticity, and ultimately integrated 
and executed by core signaling networks.

3.2.1 Genetic foundation: genomic instability 
drives clonal diversity

Genomic instability provides the genetic substrate for 
intratumoral heterogeneity in GBM. Chromosomal instability is a 
primary manifestation of this phenomenon. It leads to widespread 
aneuploidy and copy number alterations, which in turn drive key 
events such as EGFR amplification and PTEN deletion (Brennan 
et al., 2013; Liu Y. et al., 2024). Crucially, therapeutic intervention 
itself exerts a potent genome-perturbing effect. The enrichment of 
temozolomide-induced mutational signatures in recurrent tumors 
provides direct evidence that treatment actively shapes tumor 
evolution (Minea et al., 2024). This process is notably 
exacerbated by mismatch repair deficiency, which can foster a 
hypermutator phenotype, supplying a nearly limitless reservoir of 
genetic diversity (Hadad et al., 2023; Pu et al., 2025).

Mechanistically, the interplay between therapeutic-induced 
DNA damage and defective cell cycle checkpoints is a critical 
driver of this hypermutator phenotype. Research has elucidated 
that the failure of DNA damage repair (DDR) mechanisms——often 
involving dysregulation of key kinases such as PLK1, CHK1, and 
CHK2—allows cells to bypass vital checkpoints and re-enter the cell 
cycle with unrepaired lesions (Verma et al., 2019). This process not 
only facilitates immediate survival but also imposes a substantial 
mutational tax on the genome, directly generating novel genomic 
diversity that fuels clonal evolution.

Beyond direct DNA damage, genomic instability relies on 
dysregulated downstream molecular circuits. For instance, the 
frequent inactivation of ARID1A, a component of chromatin 
remodeling complexes in GBM, alters genome-wide chromatin 
accessibility. This impacts DNA repair efficiency and permits the 
aberrant activation of silent oncogenes, providing an epigenetic 
basis for cell state transitions (Bakr et al., 2024). Furthermore, 
dysregulated telomere maintenance—via either TERT reactivation 
or the alternative lengthening of telomeres (ALT) pathway—is 
pivotal for GBM immortality and its sustained tolerance of 
genomic instability. Collectively, these mechanisms ensure a 
continuous supply of raw material for clonal evolution under 

persistent therapeutic pressure. Consequently, a mutually 
reinforcing relationship exists: cytotoxic therapy not only selects 
for pre-existing resistant clones but also actively contributes to 
tumor evolution by inducing new genomic alterations, 
necessitating a balance between immediate therapeutic efficacy 
and the long-term risk of fostering further diversification.

3.2.2 External selection: the TME shapes clonal 
evolutionary trajectories

The TME is a dynamic ecosystem that continuously selects for 
fitter cell populations through the concerted action of biophysical 
and chemical factors. Rather than acting as a static soil that passively 
selects for seed cells, the TME is a co-evolving participant that 
constantly updates the fitness landscape of the GBM ecosystem. For 
instance, the hypoxic niche, by stabilizing hypoxia-inducible factors 
(HIFs), activates transcriptional programs involved in stemness 
maintenance and metabolic reprogramming. Recent research 
highlights that this metabolic adaptation, particularly the altered 
branched-chain amino acid metabolism regulated by HIFs, provides 
a distinct survival advantage to tumor subpopulations (Zhu et al., 
2021; Zhang et al., 2021).

Concurrently, the TME orchestrates a sophisticated 
immunological crosstalk that steers evolutionary trajectories. 
Immune editing serves as a crucial selective force, progressively 
enriching for clones equipped with immune-evasion capabilities, 
such as defects in antigen presentation and the upregulation of 
immune checkpoints (Long et al., 2025; Espinoza et al., 2025). 
Current advances indicate that diverse components of the TME 
collectively shape the tumor evolutionary trajectory by establishing a 
network of synergistic interactions. For instance, hypoxic regions 
not only directly select for hypoxia-tolerant clones but also secrete 
cytokines that remodel immune cell functions, fostering a localized 
immunosuppressive niche that indirectly facilitates the expansion of 
immune-evading clones (Lu et al., 2024; Lin et al., 2024). 
Furthermore, signaling molecules such as TGF-β, secreted by 
tumor-associated macrophages among others, act as key inducers 
driving the mesenchymal transition of tumor cells while 
simultaneously suppressing anti-tumor immunity (Cui et al., 
2018). Therefore, the TME actively shapes the adaptive 
phenotypes of tumor cells, rather than merely passively selecting 
dominant clones.

3.2.3 Rapid adaptation: cellular state plasticity 
mediates non-genetic therapy resistance

Cellular state plasticity, the ability of cells to undergo dynamic 
transitions between functional states, is central to mediating non- 
genetic therapy resistance in GBM. The cellular basis for this 
plasticity lies in the multi-lineage differentiation potential of 
glioma stem cells (GSCs), which act as a functional reservoir 
capable of generating transcriptionally distinct progeny to 
facilitate phenotypic adaptation. Longitudinal single-cell 
transcriptomic studies have revealed that standard treatments, 
including radiotherapy and temozolomide, induce a systematic 
temporal reprogramming of the tumor landscape, typically 
characterized by a marked enrichment of the mesenchymal-like 
state (Wang et al., 2022). This transition is highly adaptive, as the 
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mesenchymal phenotype is strongly associated with enhanced 
invasive capacity, angiogenesis, and resistance to cytotoxic stress 
(Hendriksen et al., 2024; Matsumoto et al., 2020; Chandra 
et al., 2020).

The realization of this plasticity depends on a highly dynamic 
transcriptional and epigenetic regulatory network. Core 
transcription factors (e.g., OLIG2, SOX2) define distinct cellular 
states by forming specific protein interaction networks and 
cooperating with chromatin-modifying enzymes (e.g., EZH2, 
HDACs). For instance, the transition from a proneural to a 
mesenchymal state involves not only the activation of signaling 
pathways like NF-κB/STAT3 but is also coupled to a genome-wide 
remodeling of histone modifications (Hara et al., 2021; Loftus et al., 
2024). Furthermore, this adaptive capacity is intrinsically linked to 
checkpoint adaptation; when cells are forced to resolve DNA 
damage through compromised signaling, they may undergo cell 
cycle re-entry despite persistent double-strand breaks. The 
constitutive activation or dysregulation of molecules such as 
PLK1, CHK1, and CHK2 marks this state, providing a transient 
window for non-genetic phenotypic switching that often precedes 
the stabilization of permanent genetic alterations (Verma et al., 
2019). These coordinated changes collectively drive a systematic 
reprogramming of the cellular transcriptome. Non-coding RNAs act 
as critical regulatory nodes in this process, forming intricate circuits 
with transcription factors and chromatin complexes to finely tune 
the kinetics of state transitions. Consequently, targeting these 
regulatory nodes is envisioned as a potential strategy to “lock” 
cells in a specific state and reverse resistant phenotypes.

3.2.4 Systems integration: core signaling pathways 
coordinate multidimensional driving forces

The aforementioned genetic diversity, microenvironmental 
pressures, and cellular plasticity constitute the three fundamental 
driving forces of GBM evolution. Crucially, these forces do not 
operate in isolation but are integrated and executed through a highly 
interconnected core signaling network. This network not only 
receives input signals from the genome, microenvironment, and 
intracellular components but also actively drives clonal evolution by 
regulating downstream effectors. This integrative role is first evident 
in how the network interprets and executes genetic instructions. 
Specific genetic alterations within the RTK/RAS/PI3K signaling axis 
show significant correlations with distinct cellular states (Lv et al., 
2022; Verhaak et al., 2010), establishing a direct molecular link 
within the genotype-phenotype continuum. Conversely, the 
inactivation of the p53 and RB pathways creates a permissive 
internal environment for the accumulation of genomic instability 
and the exploration of cell states by disrupting critical cell cycle 
checkpoints and apoptotic responses (Crespo et al., 2015; Eisenbarth 
and Wang, 2023). Simultaneously, this network efficiently executes 
the selective pressures originating from the microenvironment. For 
instance, the TGF-β pathway acts as a bridge connecting the 
microenvironment to cellular phenotype, not only mediating 
immunosuppression but also potently driving the mesenchymal 
transition of tumor cells and the activation of associated therapy- 
resistant programs (Setlai et al., 2022; Lai et al., 2024). More 
importantly, this signaling network directly enables cellular state 
plasticity. Under therapeutic pressure, pathways such as TGF-β and 

RTK cooperate with inflammation-related pathways like NF-κB and 
STAT3 to instruct cells to switch between different functional states 
(e.g., towards a mesenchymal-like state) by regulating core 
transcription factors and epigenetic remodeling, thereby 
mediating rapid phenotypic adaptation (Shi et al., 2023; Garner 
et al., 2013).

These pathways achieve their systems-level integrative function 
through complex crosstalk and feedback loops, which remodel 
downstream protein-protein interaction networks and gene 
regulatory programs. A key example is the EGFRvIII mutant, 
which demonstrates preferential activation of the PI3K-AKT and 
STAT pathways over the ERK pathway through its ability to 
assemble into distinct spatial complexes with specific adaptor 
proteins and kinases (Mahajan and Mahajan, 2015; Cooper et al., 
2022). This biased signaling output originates from mutation- 
induced alterations in protein interaction interfaces. Furthermore, 
pathway activity directly orchestrates the expression of thousands of 
genes via transcription factors and epigenetic regulators, 
establishing a highly interconnected gene regulatory network. 
Critical network analyses reveal that rearranged super-enhancers 
in GBM are associated with the coordinated, high-amplitude 
transcription of core cell identity genes. This positions super- 
enhancers as a pivotal mechanism for integrating upstream 
genetic alterations and signaling pathway activities, thereby 
facilitating the stable maintenance of specific cellular states (Xie 
et al., 2024). Deciphering this comprehensive signaling 
cascade—from membrane receptors to chromatin remodeling—is 
therefore essential for elucidating genotype-phenotype relationships 
and developing effective combination therapeutic strategies.

In summary, the heterogeneity and evolution of GBM constitute 
a systems-level problem driven by multi-layered 
mechanisms—genetic, phenotypic, and 
microenvironmental—integrated via a core signaling network. 
These pathways do not operate linearly but form a dynamic and 
robust regulatory network through intricate crosstalk and feedback 
loops. Understanding the topology and dynamics of this network is 
crucial for predicting tumor evolutionary trajectories and designing 
combination therapies capable of effectively disrupting its systemic 
stability. This highly interconnected, systems-level property endows 
GBM with a powerful buffering and adaptive capacity, inevitably 
leading to the failure of any static intervention targeting a single 
molecular node due to compensatory activation within the network. 
This fundamental characteristic poses significant challenges to the 
clinical diagnosis and treatment of GBM, while simultaneously 
pointing the way towards emerging interventional paradigms that 
target the evolutionary process itself, which will be elaborated in the 
following sections.

3.3 Clinical implications and translational 
perspectives

The intratumoral heterogeneity and ongoing clonal evolution in 
GBM, driven by the mechanisms previously outlined, are 
fundamental biological properties of the disease. These features 
directly underpin the limited efficacy of standard-of-care 
protocols and the near-inevitability of disease progression. This 
chapter systematically delineates the fundamental limitations 
exposed in both diagnosis and treatment when traditional 
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strategies, built upon a static understanding, confront a dynamically 
evolving ecosystem. It further outlines the emerging monitoring and 
therapeutic paradigms developed to address these challenges.

3.3.1 Challenges and innovations in traditional 
diagnostic models

The conventional pathological diagnostic model relies on single- 
site biopsy, which suffers from inherent limitations in 
representativeness when dealing with GBM, a disease marked by 
profound spatial heterogeneity. Multi-region sequencing has 
confirmed significant genomic and transcriptomic disparities 
between different areas of the same tumor (Mathur et al., 2024; 
Nomura et al., 2025). Such spatial variation can lead to a failure of 
single-site biopsies to capture key driver mutations or accurately 
reflect the tumor’s malignant potential, thereby compromising the 
precision of treatment decisions. For instance, reliance on a single 
biopsy sample might miss EGFR amplifications present only in 
specific regions or fail to accurately quantify the proportion of 
aggressive cellular subpopulations (e.g., mesenchymal-like cells), 
which are key determinants of treatment response.

To address this challenge, clinical diagnostic approaches are 
shifting toward multi-dimensional integration. Multi-region 
sequencing, by systematically analyzing samples from distinct 
anatomical regions within the tumor, enables the construction of 
a more comprehensive genomic landscape and reveals the spatial 
architecture of clonal distribution. Concurrently, image-guided 
targeted biopsy techniques, leveraging advanced MRI sequences 
such as perfusion-weighted imaging and diffusion tensor 
imaging, can identify areas with the highest proliferative activity 
or invasiveness within the tumor, thereby enhancing the 
representativeness of the sampled tissue. The future diagnostic 
paradigm will no longer rely on a solitary pathology report but 
will instead integrate histopathology, multi-regional molecular 
profiling, and radiomic features extracted from medical imaging 
to generate a personalized “tumor heterogeneity map.” This 
comprehensive profile will provide a precise spatial and 
molecular foundation for subsequent therapeutic strategies.

3.3.2 Diverse mechanisms of therapy resistance 
mediated by heterogeneity

Tumor heterogeneity contributes to the biological basis of 
therapeutic resistance through multiple, parallel, and dynamic 
pathways. These mechanisms can be categorized into three 
interconnected themes: primary resistance due to heterogeneous 
target distribution, acquired resistance driven by therapy-induced 
evolution, and functional sanctuaries provided by the tumor’s 
anatomical structure. While different therapies have distinct 
mechanisms of action, the core principle remains: any 
therapeutic intervention exerts selective pressure that 
systematically enriches pre-existing or newly emerged resistant 
clones, while simultaneously reshaping the tumor ecosystem 
towards a therapy-resistant state.

First, heterogeneity in target distribution leads to primary 
resistance. The successful application of both temozolomide 
chemotherapy and molecularly targeted therapies critically 
depends on one factor: the ubiquitous expression of their specific 

molecular targets across the entire tumor cell population. In 
chemotherapy, the effectiveness of temozolomide is not only 
limited by the overall MGMT promoter methylation status of the 
tumor but more crucially, any pre-existing subclones in which 
MGMT expression is not silenced are selectively enriched during 
temozolomide treatment, becoming the seeds for resistant 
recurrence (Singh et al., 2021). Similarly, for targeted agents like 
EGFR inhibitors, the pre-existence of target-negative subclones or 
cell populations with activated alternative signaling pathways 
renders single-agent targeted therapy ineffective against all 
malignant cells from the outset (Chabon et al., 2016; Gerlinger 
et al., 2012).

Second, the treatment process itself actively accelerates tumor 
evolution, fostering acquired resistance. This occurs not only 
through the selection of existing clones but also by inducing 
genomic and phenotypic instability. Prolonged temozolomide 
exposure can induce mismatch repair deficiency, thereby 
promoting a hypermutator phenotype that vastly expands the 
genetic diversity available for resistance mutations (Vitiello et al., 
2025). Furthermore, radiotherapy and certain targeted agents, acting 
as potent environmental stressors, are strongly associated with 
phenotypic switching of tumor cells towards a mesenchymal 
state—a state itself considered a key driver of therapy resistance 
due to its association with enhanced DNA damage repair capacity, 
stemness, and invasiveness (Xiong et al., 2020). Thus, while 
eliminating sensitive cells, therapy may simultaneously promote 
the emergence of more adaptable, resistant populations.

Finally, the functional anatomical structure of the tumor 
provides physical and functional sanctuaries for resistant clones. 
GSCs are often enriched within specific niches, such as the 
perivascular region (Li et al., 2009). Their inherent quiescence, 
robust DNA repair capacity, and microenvironment-supported 
anti-apoptotic properties equip them to effectively withstand 
therapies designed to kill proliferating cells (King et al., 2017). In 
the context of immunotherapy, heterogeneity in antigen 
presentation machinery allows some clones to evade immune 
recognition. Concurrently, the spatial heterogeneity in the 
expression of immunosuppressive molecules and the infiltration 
of immune cells creates functional immune-privileged zones within 
the tumor. This results in a patchy distribution of effective immune 
responses, even when an immune reaction is present, leading to 
heterogeneous treatment efficacy.

3.3.3 Emerging detection and dynamic monitoring 
strategies

To overcome the challenges that tumor heterogeneity poses to 
precision medicine, non-invasive dynamic monitoring technologies 
based on liquid biopsy and advanced imaging are rapidly 
developing. Circulating tumor DNA (ctDNA) analysis, which 
involves capturing and analyzing tumor-derived DNA fragments 
in the blood, offers the potential for a non-invasive “molecular 
biopsy” (Cescon et al., 2020). Its core value lies in overcoming the 
spatial limitations of single-site biopsies by providing an integrative 
reflection of the tumor’s global genomic landscape, potentially even 
revealing mutations undetected by tissue biopsy. More importantly, 
by tracking changes in variant allele frequencies and mutational 
profiles in longitudinal ctDNA samples, clinicians can monitor the 
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dynamic evolution of different clonal subpopulations under 
therapeutic pressure in real-time and at a molecular level, 
thereby detecting early signs of resistance prior to radiographic 
progression.

However, the clinical translation of plasma-based ctDNA in 
GBM remains challenging compared to extracranial malignancies. 
The blood-brain barrier (BBB) acts as a physical barrier that restricts 
the shedding of tumor-derived DNA into the systemic circulation, 
often resulting in extremely low allele frequencies (Keller and Pantel, 
2019). Furthermore, technical factors such as limited tumor volume, 
high levels of intratumoral necrosis, and suboptimal tumor-to-blood 
ratio often hinder the detection sensitivity of plasma ctDNA (Wu 
et al., 2025). Given these limitations, analysis of cerebrospinal fluid 
(CSF) ctDNA has emerged as a high-yield alternative. CSF, being in 
closer anatomical proximity to the tumor, allows for significantly 
higher detection rates and a more accurate reflection of the tumor’s 
mutational landscape (De Mattos-Arruda et al., 2015). While CSF 
sampling is more invasive, its superior sensitivity makes it an 
essential tool for monitoring localized recurrence.

Complementing DNA-based diagnostics, extracellular vesicles 
(EVs)—including exosomes—have emerged as a robust class of 
circulating biomarkers. Unlike ctDNA, which is often limited by 
low abundance in the blood, EVs protect their molecular 
cargo—including proteins, miRNAs, and mRNAs—from 
degradation, providing a stable and comprehensive molecular 
snapshot of the tumor (Verma et al., 2025). Moreover, EVs can 
traverse the BBB, rendering them highly accessible in peripheral 
biofluids and a valuable, non-invasive alternative for longitudinal 
monitoring.

Concurrently, radiomics provides a powerful, non-invasive tool 
for the assessment of intratumoral heterogeneity (Li et al., 2024). By 
extracting sub-visual textural features from standard medical 
images, radiomics indirectly reflects spatial variations, such as 
cellular density and necrotic extent. The integration of these 
machine learning-derived radiomic models with liquid biopsy 
data offers a holistic “monitoring triad”: this approach not only 
predicts key molecular markers (e.g., IDH status, MGMT 
methylation) but also assists in discriminating true tumor 
progression from treatment-related pseudo-progression, 
providing the necessary supplemental data for precise clinical 
decision-making.

3.3.4 Novel therapeutic paradigms targeting 
tumor evolution

Confronted with the fundamental challenge of clonal evolution, 
the traditional “maximum kill” strategy aimed at eradication has 
revealed inherent limitations. Viewed through the lens of 
evolutionary biology, therapeutic resistance is an inevitable 
outcome of adaptive evolution in the tumor cell population 
under therapeutic selection pressure. Furthermore, the translation 
of evolutionary-informed therapies is hindered by the physiological 
barriers of the central nervous system, which severely restrict the 
intratumoral delivery of systemic agents.

Addressing these delivery hurdles, engineering extracellular 
vesicles (EVs) offers a robust solution for CNS-targeted therapy. 
EVs can be bio-engineered to encapsulate specific therapeutic 
payloads and achieve targeted accumulation within the tumor 

niche, effectively overcoming the restrictions imposed by the 
blood-brain barrier (Verma et al., 2025). This strategy, coupled 
with advancements in standardized EV isolation and 
characterization, represents a critical frontier in developing 
precision, evolution-informed delivery platforms for GBM. 
Consequently, the core objective of novel therapeutic paradigms 
should shift from pursuing “maximum kill” towards “managing the 
evolutionary process.” The following four paradigms intervene at 
different levels of the tumor evolutionary process: (1) “Restricting 
Evolutionary Space” aims to reduce genetic diversity within the 
population; (2) “Modulating Selection Pressure” seeks to alter the 
microenvironment to confer a fitness advantage to sensitive over 
resistant cells; (3) “Reversing Resistant Phenotypes” aims to decrease 
the fitness of resistant phenotypes or increase the cost of their state 
transitions; and (4) “Guiding Competitive Dynamics” leverages 
natural competition between clones to suppress the expansion of 
resistant subpopulations. Together, these paradigms form a strategic 
framework with progressively deeper levels of intervention logic. To 
frame the following discussion, the core concepts, strategies, and 
challenges of these evolution-informed paradigms are systematically 
outlined in Figure 3.

3.3.4.1 Restricting evolutionary space: evolutionary therapy 
and targeting core dependencies

This paradigm aims to constrain the evolutionary potential for 
resistance by attacking intrinsic survival and proliferation signaling 
pathways. Specific strategies include evolutionary therapy, which 
involves the prospective combination of agents targeting distinct 
survival mechanisms to prevent resistance driven by bypass 
signaling or compensatory pathways (West et al., 2020). For 
instance, in GBM models with EGFRvIII mutations, combining 
an EGFR inhibitor with a MET inhibitor can prevent resistance 
arising from compensatory MET pathway activation (Li et al., 2015). 
Another strategy is targeting core dependencies—attacking non- 
redundant molecular functions essential to all clonal 
subpopulations—with the goal of achieving universal cytotoxicity 
across all cellular subsets (Encarnación-Rosado et al., 2024).

3.3.4.2 Modulating selection pressure: niche intervention
This paradigm does not directly attack tumor cells but indirectly 

steers evolutionary direction by modifying their supportive 
microenvironment. The intervention target is the TME, aiming 
to alter the selective pressures acting on tumor cells, thereby 
giving sensitive cells a fitness advantage over resistant ones. For 
example, using CSF-1R inhibitors to deplete tumor-associated 
macrophages can remodel the immune microenvironment in 
preclinical models, enhancing T-cell infiltration and overcoming 
resistance to checkpoint inhibitors (Foray et al., 2022). Similarly, 
targeting specific signaling molecules within the perivascular niche 
can undermine its support for GSCs stemness properties, thereby 
reducing their therapy resistance and regenerative potential 
(Ghochani et al., 2022).

3.3.4.3 Reversing resistant phenotypes: targeting cellular 
state plasticity

The intervention target of this paradigm is the epigenetic 
regulation and state transition capacity of tumor cells. It aims to 
reverse resistant cells to a sensitive state or increase the cost of state 
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switching by interfering with their plasticity. The principle involves 
targeting key epigenetic regulators that drive state transitions to 
guide or “lock” the cell population into specific functional states that 
are sensitive to therapy, thereby enhancing treatment efficacy 
(Shahani et al., 2025). For instance, a preclinical study 
demonstrated that HDAC inhibitors can suppress the transition 
of GBM cells to a mesenchymal state and potentially restore their 
sensitivity to temozolomide (Urdiciain et al., 2019).

3.3.4.4 Guiding competitive dynamics: adaptive therapy
This paradigm targets the competitive dynamics within the 

tumor cell population. Its goal is not maximal kill but rather the 
fine modulation of therapeutic pressure to leverage sensitive cell 
subpopulations to suppress the expansion of resistant ones. This 
strategy, known as adaptive therapy, is often implemented by 
adjusting drug dosing or employing intermittent treatment 
schedules (West et al., 2020), aiming for long-term control of 
tumor burden rather than short-term eradication. While this 
approach has shown promise in early-phase clinical trials for 
other cancers like prostate cancer (Zhang et al., 2017), its 
successful implementation critically depends on sensitive 
dynamic monitoring technologies (e.g., liquid biopsy) to 
accurately quantify clonal dynamics, coupled with mathematical 
models to predict population competition outcomes under different 
dosing regimens.

3.3.4.5 Practical challenges and translational barriers
Despite the promising prospects of the aforementioned 

evolution-informed therapeutic paradigms, their translation from 
concept to widespread clinical application faces a series of 
interconnected biological, technological, and clinical practice 
barriers. These systemic challenges constitute a formidable chasm 
that must be bridged to realize the vision of dynamic 
precision medicine.

At the biological and pharmacological level, the blood-brain 
barrier, unique to the central nervous system, presents a foremost 

obstacle. It severely restricts the effective intratumoral distribution 
of many macromolecular inhibitors, epigenetic drugs, and 
immunomodulators, rendering many promising systemic agents 
therapeutically irrelevant. Concurrently, the redundancy of tumor 
signaling pathways and the high unpredictability of evolutionary 
trajectories make the prospective design of effective “evolutionary 
therapy” combinations exceptionally difficult. Identifying broadly 
effective, druggable core dependencies shared across all clonal 
subpopulations remains a significant hurdle. Furthermore, the 
inherent heterogeneity and plasticity of the TME itself, coupled 
with an incomplete understanding of the full regulatory network 
governing cellular state plasticity, often results in limited efficacy of 
single interventions and the rapid emergence of compensatory 
mechanisms that undermine therapeutic impact.

On the technological and methodological front, a core challenge 
lies in the gap between theory and reality. However, these models are 
inevitably built upon simplifying assumptions, which limits their 
ability to fully recapitulate the complexity of the in vivo ecosystem, 
and their clinical predictive value urgently requires validation in 
prospective studies. Simultaneously, the “non-invasive molecular 
patrol”—such as high-frequency liquid biopsy and multi-omics 
analyses—that underpins dynamic precision medicine places 
severe demands on technological sensitivity, standardized 
protocols, and cost containment.

Regarding clinical and ethical considerations, this paradigm 
shift introduces fundamental challenges. Traditional clinical 
endpoints (e.g., progression-free survival) may not sensitively 
capture a treatment’s effect on the tumor evolutionary trajectory, 
necessitating the exploration of novel endpoints such as 
“evolutionary progression-free survival.” Strategies such as 
“adaptive therapy” aim to control the tumor rather than 
eradicate it. However, this goal of control conflicts with the 
deeply ingrained “maximum kill” mindset among both patients 
and physicians. Consequently, implementing such strategies 
requires thorough communication and consensus-building. 
Finally, establishing a closed-loop system of “diagnosis-treatment- 

FIGURE 3 
Evolution-informed therapeutic paradigms for targeting GBM tumor evolution. Summary of novel therapeutic strategies designed to manage rather 
than eradicate the GBM ecosystem. These paradigms shift the clinical focus from achieving maximal tumor kill to proactively steering the tumor’s 
evolutionary trajectory through niche modulation, phenotypic reversal, and competitive dynamics. Each approach is categorized by its core objective, 
intervention target, and inherent clinical challenges, providing a strategic roadmap for the future of dynamic precision medicine. Abbreviations: GBM, 
glioblastoma; TME, tumor microenvironment.
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monitoring-modeling-adaptation” imposes high demands on 
healthcare resources and overall systemic costs. Its accessibility 
and equity are practical concerns that must be addressed from 
the outset.

In summary, future progress will depend not on a single 
breakthrough, but on a concerted, multidisciplinary effort to 
address these interconnected challenges. The ultimate goal is to 
evolve the clinical management of GBM from a reactive pursuit into 
an intelligent process of dynamic control.

3.3.5 Translating evolutionary paradigms into 
clinical trials

To translate evolutionary theory into actionable clinical trials, 
pilot studies should leverage dynamic biomarkers as exploratory 
endpoints to replace conventional “time-to-progression” metrics. 
For instance, in trials exploring niche modulation—such as 
combining CSF-1R inhibitors with standard radiotherapy 
(Pyonteck et al., 2013)—we propose a Phase I/II design where 
the primary endpoint is the Objective Response Rate (ORR), with 
exploratory longitudinal monitoring of immune infiltration and 
mesenchymal-like cell signatures in plasma (Rosenfeld et al., 
2014). Similarly, to address reversing resistant phenotypes, a 
Phase I study evaluating HDAC inhibitors as sensitizers to 
temozolomide could utilize serial epigenetic profiling of ctDNA 
to establish the restoration of drug sensitivity as a secondary 
endpoint (Tehrani et al., 2025).

Furthermore, adaptive therapy—the most clinically advanced 
evolutionary paradigm—warrants an iterative Phase II design. 
Rather than fixed dosing, we propose an intermittent 
“evolutionary dosing” schedule, where treatment is paused or 
modulated based on real-time ctDNA variant allele frequencies 
(VAF). Here, the trial would utilize evolutionary progression-free 
survival (ePFS) as a surrogate marker of evolutionary control, 
defined as the interval before the emergence of resistant 
subclonal mutations (Nong et al., 2018). These designs, 
supported by recent evidence from longitudinal studies, provide a 
framework for future trials that treat the tumor not as a static entity, 
but as a dynamic, manageable system.

4 Discussion

The management paradigm for GBM is necessarily shifting from 
a reactive approach to a model of dynamic control. The in-depth 
dissection of tumor heterogeneity and clonal evolution reveals a 
fundamental clinical challenge: when the therapeutic target is a 

highly organized, continuously evolving ecosystem, traditional 
paradigms built upon static observations face profound 
limitations. Multi-omics evidence integrated in this review 
demonstrates that therapeutic resistance in GBM is an inevitable 
manifestation of its intrinsic biology under therapeutic selection 
pressure. This compels us to move beyond simplistic 
phenomenological summaries and critically re-evaluate our 
clinical framework to construct a path toward dynamic 
precision medicine.

The central dilemma in current practice stems from the tension 
between static diagnostic models and the dynamic nature of GBM. 
Diagnostic models reliant on single-site biopsies provide an 
incomplete picture of the tumor’s spatial architecture and 
evolutionary potential. Concurrently, “maximum kill” therapeutic 
strategies act as potent agents of natural selection, eliminating 
sensitive cells while providing a growth advantage for resistant 
clones. Consequently, intervening in this evolutionary dynamic 
has become a core factor directly influencing clinical efficacy.

Within this context, several interconnected academic 
controversies represent critical junctures for understanding and 
intervening in the tumor evolutionary process. The primary 
controversy centers on the dominant driver of therapeutic 
resistance: is it the selection of pre-existing resistant clones or 
therapy-induced adaptive cellular state switching? Existing 
evidence supports the coexistence and potential synergy of both 
models in GBM.

To effectively disentangle whether therapeutic resistance arises 
from the selection of pre-existing clones or therapy-induced 
transcriptional reprogramming, a multi-faceted experimental 
approach is required. As summarized in Table 1, current 
technologies offer distinct windows into these mechanisms. 
Lineage tracing and genetic barcoding provide the gold standard 
for tracking clonal fate at single-cell resolution (Suvà and Tirosh, 
2020), while paired scDNA/scRNA-seq bridges the gap between 
fixed genetic alterations and plastic transcriptional states (Zhang 
et al., 2023; Weber et al., 2023). Furthermore, the integration of 
longitudinal ctDNA analysis with scRNA-seq facilitates the 
monitoring of evolutionary trajectories in clinical settings 
(Cescon et al., 2020; De Mattos-Arruda et al., 2015). Despite 
these advancements, each method carries inherent 
limitations—ranging from the high computational burden of 
multi-omics integration to the technical challenges of capturing 
rare, transient cellular states. Future studies must adopt an 
integrative strategy, leveraging these technologies to validate the 
spatiotemporal continuum of tumor adaptation.

Longitudinal genomic studies reveal that recurrent clones are 
phylogenetically linked to specific ancestral subpopulations present 

TABLE 1 Methodological approaches to disentangle genetic selection from transcriptional plasticity.

Approach Strengths Limitations

Lineage tracing and barcoding Enables real-time tracking of clonal fate and state transitions in vivo Technically demanding; requires model system manipulation

Paired scDNA + scRNA-seq Links genotype (clones) directly to phenotype (transcriptional states) High cost; computational integration complexity

Longitudinal ctDNA + scRNA Captures real-time evolutionary dynamics in patients ctDNA low sensitivity; limited spatial context

Spatial multi-omics Preserves spatial architecture of clonal niche Lower throughput; complex tissue requirements
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at diagnosis. Simultaneously, single-cell transcriptomics confirms 
systematic reprogramming of the cellular state landscape following 
treatment, notably a marked enrichment towards a mesenchymal- 
like state. It is proposed that these two mechanisms may constitute a 
spatiotemporal continuum of adaptation: rapid plastic changes 
provide an initial survival buffer for the tumor population, while 
sustained therapeutic selection pressure ultimately fixes upon clones 
with genetic advantages. This understanding necessitates that future 
therapeutic strategies possess dual-targeting capabilities: specifically 
eliminating identified resistant clones while effectively intervening 
in the epigenetic regulatory networks that drive 
phenotypic switching.

Furthermore, we must carefully reconsider the dual role of 
therapeutic intervention itself in tumor evolution. Substantial 
evidence indicates that standard radiotherapy and chemotherapy, 
while cytotoxic, are themselves powerful sources of evolutionary 
pressure: radiotherapy can induce genomic instability, promoting 
new genetic variation; chemotherapy (e.g., temozolomide) can 
directly foster a hypermutator phenotype in a mismatch repair- 
deficient context; and both can shape an immunosuppressive 
microenvironment and induce pro-survival signaling, thereby 
creating a more supportive niche for resistant populations. This 
raises a crucial clinical consideration: do our current treatment 
strategies inadvertently create conditions conducive to a more 
malignant recurrence? Acknowledging this possibility is not to 
negate the clinical value of existing therapies but to emphasize 
the urgent need to develop strategies informed by ecological or 
evolutionary principles, exploring combinations of standard 
therapies with interventions that mitigate their pro-evolutionary 
effects. The goal shifts towards long-term disease control rather than 
short-term eradication, potentially leveraging competitive dynamics 
within the tumor population to suppress the expansion of 
resistant subclones.

Ultimately, all mechanistic insights and debate converge on a 
common translational goal: the transition from static classification 
to dynamic precision medicine. This paradigm shift relies on the 
synergistic establishment of three core pillars. First, the deep 
integration of technology and dynamic data acquisition. This 
requires the organic fusion of liquid biopsy, high-throughput 
sequencing, and advanced imaging biomarkers to establish 
clinical pathways for periodic molecular monitoring, enabling the 
non-invasive construction of personalized tumor evolutionary 
maps. Second, the systematic innovation of clinical trial design, 
requiring the creation and promotion of “evolution-informed” 
clinical trials, such as adaptive platform trials, capable of 
dynamically adjusting treatment strategies based on real-time 
molecular evolutionary data to directly test novel evolution-based 
interventions. Finally, the development and application of predictive 
mathematical models. By building computational models that 
integrate multi-omics data, microenvironmental features, and 
treatment history, we can transition from passive description to 
active prediction, identifying critical nodes driving evolution to 
enable pre-emptive therapeutic adjustments.

However, a critical awareness of the limitations inherent in the 
technological and theoretical frameworks supporting this new 
paradigm is essential. While single-cell and spatial multi-omics 
technologies provide unprecedented resolution, their application 
remains constrained by technical biases—for instance, the potential 

of scRNA-seq to overlook rare cell populations, and the current 
insufficient resolution of spatial transcriptomics for precisely 
delineating cell-cell interactions. Similarly, mathematical models 
designed to predict tumor evolutionary trajectories, though 
theoretically powerful, are built upon simplifying assumptions 
that struggle to fully capture the complex in vivo dynamics. Their 
clinical predictive value remains to be prospectively validated. 
Therefore, the paradigmatic revolution from static classification 
to dynamic ecological management, while conceptually the 
necessary path toward therapeutic breakthroughs, currently faces 
a significant chasm between theory and practical implementation at 
both technical and translational levels.

In summary, the discussion herein argues that conceptualizing 
GBM as a dynamically evolving ecosystem carries implications far 
beyond adding a new biological dimension. It fundamentally 
compels a re-examination of the ultimate goals and success 
metrics of therapeutic intervention. Translating this ecosystem 
model into actionable clinical practice stands as the central 
challenge before us.

5 Future perspectives

To bridge the gap between conceptual understanding and 
clinical implementation, future research and applications must 
converge on building a viable “Closed-Loop System for Dynamic 
Precision Medicine.” This system aims to transform GBM into a 
chronically managed disease through continuous sensing, intelligent 
decision-making, and adaptive intervention.

1. Seamless technological integration and clinical pathway 
innovation. The future foundation lies in advancing the 
standardization and streamlining of single-cell multi- 
omics, liquid biopsy, and radiomics technologies, followed 
by their seamless integration into routine clinical workflows. 
This will enable minimally invasive “molecular patrols,” 
facilitating the construction of personalized tumor 
evolutionary maps. Critically, this real-time data stream 
will directly support “evolution-informed” clinical trials, 
such as adaptive platform trials, designed to validate novel 
interventions based on evolutionary principles.

2. Synergistic advancement of mechanistic investigation and 
predictive modeling. Deeper dissection of core biological 
mechanisms, such as cellular state plasticity, must proceed 
in lockstep with the development of more reliable predictive 
models. Future computational models must evolve from 
descriptive tools into clinically valuable decision-support 
systems. This particularly requires the development and 
validation of artificial intelligence -driven approaches 
capable of integrating high spatiotemporal resolution 
longitudinal multi-omics and clinical data to simulate 
clonal dynamics and forecast intervention outcomes. 
These models must also incorporate key physiological 
constraints like the blood-brain barrier and drug 
pharmacokinetics to provide trustworthy simulations.

3. Overcoming central nervous system-specific barriers. The 
ultimate success of any intervention hinges on breakthroughs 
in innovative drug delivery strategies. Overcoming the blood- 
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brain barrier must be placed at the core of systemic 
therapeutic development. Through strengthened 
interdisciplinary collaboration with biomaterials science 
and drug delivery engineering, priority should be given to 
developing small-molecule agents with superior brain 
penetrance or novel delivery platforms, ensuring that 
advanced therapeutics can effectively reach their 
target niches.

4. Proactive shaping of clinical paradigms and consensus 
building. Finally, and crucially, is the proactive shaping of 
new clinical paradigms. This involves collaborating with the 
medical community and patient communities to redefine 
treatment success metrics and build consensus around the 
goal of “long-term control rather than absolute eradication.” 
Patients must be educated about the rationale for dynamic 
precision management and engaged as active participants in 
the therapeutic decision-making loop. Only upon achieving 
this cognitive shift from “cure” to “management” can the 
closed-loop of dynamic precision medicine become fully 
operational.

By collaboratively advancing these four interdependent strategic 
fronts, we can systematically transform the clinical management of 
GBM from a protracted, reactive battle against tumor evolution into 
a dynamic control process capable of proactively sensing, predicting, 
and steering its evolutionary course.

6 Conclusion

Therapeutic resistance and recurrence in GBM stem from the 
intrinsic biological complexity of a highly heterogeneous and 
continuously evolving ecosystem. This review has delineated the 
manifestations of GBM heterogeneity across spatial and temporal 
dimensions, alongside the multi-layered mechanisms driving its 
clonal evolution. Collectively, these insights affirm that GBM 
must be monitored and targeted as a dynamic living system. The 
envisioned future of “dynamic precision medicine” lies in 
constructing a closed-loop system that integrates baseline multi- 
omics mapping, non-invasive molecular monitoring, model-assisted 
decision-making, and dynamic therapeutic adaptation. However, we 
must acknowledge that the realization of this vision remains a 
formidable challenge. Its path is hindered not only by the 
limitations of current technologies and theories discussed but 
also by practical barriers including the blood-brain barrier, 
established clinical practices, resource allocation, and ethical 
considerations. Future progress will depend not on a single 
breakthrough, but on deep interdisciplinary collaboration to 
systematically bridge these gaps while critically re-evaluating 
existing paradigms. Only through such a concerted effort can we 
transform the clinical management of GBM from a reactive pursuit 
into an intelligent process of proactive dynamic control.
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