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Abstract

Glioblastoma (GBM) is the most common and aggressive primary brain tumor. Despite advances in treatment, mechanisms
underlying GBM invasion remain incompletely understood. This systematic review synthesizes findings from laboratory
and clinical studies to elucidate the molecular mechanisms driving GBM invasion and their implications for prognosis and
therapy. This review adhered to PRISMA guidelines, conducting a comprehensive search of PubMed/Medline for stud-
ies published up to October 16, 2023. Inclusion criteria focused on studies investigating molecular mechanisms of GBM
invasiveness with reported clinical outcomes (overall survival (OS) and progression-free survival (PFS). Exclusion criteria
included systematic reviews, case reports, small case series, and studies limited to preclinical data. Risk of bias was assessed
using the ROBINS-I tool. From 831 records, 21 studies (2198 patients) met the criteria. Key GBM invasion mechanisms
included ECM degradation, vascular invasion, EMT, apoptotic regulation, cytoskeletal organization, and RNA sequencing.
Vascular mechanisms were most studied. Bevacizumab resistance linked to poorer outcomes. EMT markers like TWIST and
ECM degradation via MMPs such as CD147 correlated with decreased survival. Cytoskeletal and RNA studies highlighted
the prognostic significance of tumor subtypes and microenvironmental interactions. This systematic review elucidates the
molecular mechanisms underlying GBM invasiveness and their clinical implications. Integrating molecular profiling into
routine clinical assessment may enhance prognostic accuracy and therapeutic efficacy, paving the way for personalized
treatment strategies.
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Introduction

Key points Glioblastoma (GBM) is the most common and aggressive

e Tumor microenvironment plays a crucial role in GBM invasion
mechanisms like ECM degradation, vascular invasion, and EMT.

o Integrating molecular profiling can enhance prognostic accuracy
and personalized therapy.

Importance of the study This systematic review addresses the
urgent need for clinical providers to understand the complex
invasion patterns of glioblastoma (GBM). It discusses critical
molecular mechanisms such as extracellular matrix degradation,
vascular invasion, and epithelial-to-mesenchymal transition
(EMT), which significantly affect prognosis and therapy
outcomes., This study highlights the potential for enhanced
prognostic accuracy and personalized treatment strategies, by
integrating molecular profiling into routine clinical assessments.
These insights are crucial for improving overall survival

and quality of life for GBM patients, making it a significant
contribution to the field of neuro-oncology.
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Published online: 21 November 2024

primary brain tumour with median survival from diagnosis
of 15 months [1]. The old adjective “multiforme” suggests
its heterogeneous clinical presentation, histopathological
classification as well as response to therapy [2]. Standard
treatment is based on gross total resection (GTR) when fea-
sible [3], followed by combined radiotherapy and chemo-
therapy with temozolomide (TMZ) [1]. Despite this aggres-
sive treatment approaches, recurrence is considered almost
inevitable [4, 5]. This is due to its highly infiltrative growth,
which makes complete surgical removal nearly impossible,
and its inherent resistance to therapies. The tumors heteroge-
neity and the presence of resilient cancer stem cells further
complicate treatment, as these factors allow some cells to
survive and drive recurrence. Additionally, the blood—brain
barrier limits the effectiveness of systemic treatments. WHO
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2021 classification unveiled the importance of integration
of molecular data in glioma classification and prognosis
[6, 7]. To date, its mechanisms of invasion are not fully
understood. Several key mechanisms have been identified
that contribute to the invasiveness of gliomas, which also
impact prognosis. For example, alterations in the extracel-
lular matrix (ECM), vascular invasion, and other molecular
changes play significant roles. ECM provides structural and
biochemical support to surrounding structure, and its deg-
radation can significantly enhance tumour cell invasion [8].
Matrix metalloproteinases (MMPs) are gaining increasing
attention in this scenario since, through the breakdown of
ECM components, they not only create pathways for tumour
cell migration, but also release growth factors stored in the
ECM, which further promotes tumour progression [9]. This
unveils crucial steps in cancer invasion and potential thera-
peutic targets. However, cancer biology remains a nebulous
field for most neurosurgeons, and more clinical research is
required to fill this gap [10—14]. This study attempts to pro-
vide neurosurgeons a concise yet systematic overview of the
main molecular alterations responsible for GBM invasion
and aggressiveness — besides those included/discussed in
the WHO 2021 classification—such as ECM matrix altera-
tions, vascular invasion and its correlation with prognosis,
survival, and therapeutic potential. Therefore, the goal of
the present systematic review is to identify the molecular
mechanisms underlying invasiveness and aggressiveness in
high-grade gliomas that are recognized as therapeutic targets
and have a significant impact on prognosis.

Materials and methods

This systematic review followed established guidelines
(e.g., PRISMA) to identify and critically appraise relevant
studies [10, 11]. All steps were carried out in accordance
with the Cochrane Handbook of Systematic Reviews and
Meta-analysis of Interventions (version 6.3) [12]. One
Electronic database (PubMed/Medline) was searched using
comprehensive search terms incorporating MeSH headings
and keywords related to “(glioblastoma) AND (functional)
AND (patterns of invasion)” in different combinations such
as "(Invasiveness) AND (aggressiveness) AND (functional
patterns)”. The latest research was conducted on the 16th of
October 2023. Any discordance was solved by consensus
with a third, senior author.

Exclusion criteria were as follows: systematic reviews,
case reports, small case series with less than 6 patients, stud-
ies reporting exclusively pre-clinical data, and studies not
reporting information on clinical outcomes (OS/PFS). Other
than GBM tumor types were also excluded. Non-English
literature was excluded, and those studies whose full text
was not retrievable were also not included. GBM definition
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has evolved over the years, and the term "high-grade glioma"
now encompasses both astrocytoma IDH-mutated grade IV
and high-grade glioma IDH wild type. Since most studies
were published before this classification change, we used the
most updated definition relative to the year of publication.

A systematic abstract screening of the references (for-
ward search) was performed to identify additional records.
Extracted data were categorized based on the main molecu-
lar mechanisms studied. For each paper, the following data
were extracted: study design, year of publication, number
of patients, mean patient age and sex distribution, as well as
at least one of the two outcomes of interest (OS and PFS).

Risk of bias was assessed using the ROBINS-I tool for
non-randomized studies and interventions [13]. The risk of
bias was inserted for each study on the ROBINS-E tool [14],
and a graph was created using the Robvis (visualization tool)
[15].

Results

The search of the literature yielded a total of 831 results.
All papers were screened, and 792 records were excluded
via title and abstract screening; 36 studies were found to
be relevant to our research question and were assessed for
eligibility (Fig. 1). Upon full-text review, 3 studies were
excluded due to missed full text retrieval, 4 due to inappro-
priate study design (no adult population/preclinical studies/
no GBM), 2 for lack of outcome of interest (OS/PES), 6
for lack of quantitative analysis of the outcomes. 21 arti-
cles were included in the review, including 2198 patients.
Table 1 summarizes the characteristics of the included
studies and their quality assessment, while clinical out-
comes are detailed in Table 2.

The included studies were classified in the following cate-
gories based on their main research interest: (1) studies deal-
ing with ECM degradation molecules [16]; studies dealing
with cytoskeletal organization molecules [17, 18]; studies
dealing with epithelial-to-mesenchymal transition [19-22]);
studies dealing with vascular mechanisms [23-29]; studies
dealing with RNA sequencing data [30, 31]; studies dealing
with apoptotic regulation mechanisms [32-34]; and studies
dealing with radiological patterns associated to a tissue of
origin [35]. Overall studies suffered from high variability
and poor comparability, and studies were selected only for
qualitative analysis [16] (Figs. 2, 3 and 4).

Discussion

Our systematic review underscores the complex and
multifaceted nature of glioblastoma invasion, highlight-
ing significant findings from both laboratory and clinical
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Fig. 1 PRISMA Flowchart showing the methodological framework

perspectives. Molecular mechanisms conferring invasive-
ness and aggressiveness to central nervous system (CNS)
tumours are becoming the current focus of patient’s clini-
cal assessment [35], and our search organized them in the
following macro-areas: vascular mechanism, EMT, apop-
totic regulation mechanism; ECM degradation molecules,
cytoskeletal organization molecules; RNA sequencing
data; tissue of origin.

Vascular mechanisms

The most common GBM patterns of invasion were vascu-
lar mechanisms, identified in 33% of the studies [23-28].
No statistically significant difference in OS was seen in
bevacizumab treated GBM versus standard chemotherapy.
Only a slightly increased PFS of 3.5 months was seen in
bevacizumab + irinotecan therapy compared to standard
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Fig.2 Robvis (visualization Risk of bias domains
tool) for Risk of Bias of the 21
included studies
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Fig.4 OS percentage reduction
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temozolomide therapy alone [25]. However, 71% of the stud-
ies in this category dealt with bevacizumab therapy resist-
ance [23-26, 29]. A common pattern of aggressive GBM
behaviour was identified after bevacizumab resistance:
expanding necrosis. Expanding necrosis is characterized by
poorly vascularized tissue which appears as non-contrast
enhancing, and hyperintense in FLAIR [23]. Its mechanisms
of expansion are driven by hypoxia and are associated to a
significant PFS percentage reduction, up to 47% [26]. At
immunohistochemistry the deprivation-from-oxygen mecha-
nism was proven by the substitution of aquaporin 4 by integ-
rin a5p1 [23]. Other proposed mechanisms underneath beva-
cizumab resistance are the occurrence of EMT, supported
by increased TWIST expression and appearance of pseu-
dopodia resembling features [23]; and ECM involvement,
supported by the expression of MMP9 during bevacizumab
therapy, correlated to a median OS reduction of 5.2 months
[24]. This highlights the importance to go beyond already
explored therapeutic fields, among which bevacizumab
therapy — whose controversial potential is supported by the
occurrence of more aggressive behavioural patterns after
treatment. This also enhances how molecular pathways are
repetitively encountered in GBM behaviours, since EMT and
ECM - which will be covered in the next paragraphs — are
also involved in bevacizumab resistance.

Neoangiogenesis is also exploited by GBM to survive in
poor oxygen conditions and is mainly regulated by cyclooxy-
genase-2 (Cox-2) enzyme expression. It can be characterized
according to the microvascular density (MVD) of the newly
formed vessels, as well as their vasculature architecture map-
ping (VAM) [28]. High MVD is paralleled by an increased
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incidence of necrotic areas and aggressive microvascular
conformations (vascular garland, glomeruloid, and vascu-
logenic mimicry). These patterns were associated with an
OS percentage reduction of 30% when compared to other
microvascular behavioural patterns (microvascular sprouting
and clustering) [29]. VAM can be studied on blood oxygen
dependent level magnetic resonance angiography (BOLD-
MRI) to identify hypoxia driven growth. Dysfunctional neo-
vasculature — identified as hypoxia driven phenotype — was
associated to lower PFS at 400 days when compared to func-
tional oxygen rich vascularization [28].

This highlights the prognostic significance of MVD in
stratifying patients into different risk categories; that BOLD-
MRI could be a valuable diagnostic tool for identifying high-
risk patients who are likely to benefit from treatments tar-
geting hypoxic and neovascular regions; and that targeting
the pathways involved in neoangiogenesis, such as through
Cox-2 inhibitors, could potentially improve treatment effi-
cacy and patient outcomes.

Epithelial to mesenchymal transition (EMT)

EMT was identified as the second most common mecha-
nism of GBM invasion, encountered in 19% of the studies
[19-22]. Among them TWIST molecule is the most repre-
sentative and associated to the potential of creating a vas-
culogenic mimicry (VM): which is the capacity to resemble
endothelial cells enriched in ion channels. TWIST was asso-
ciated to an OS percentage reduction of 77% as well as an
increased microvascular density (MVD) [19].
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Periostin, acting on stem cell niche, was associated with
a mean OS reduction of 39.5 +20.5% [20, 22].

A potassium chloride co-transporter (NKCC1) — which
induces the transformation of epithelial cells into mesenchy-
mal cells via loss of polarity, tight junctions and adhesion
molecules — was associated to an OS percentage reduction
at 60 months of 100% [21].

This suggests that TWIST could serve as a valuable bio-
marker for identifying high-risk patients who may benefit
from more aggressive treatment strategies and closer moni-
toring. Instead periostin has the potential utility to stratify
patients based on their risk profile and tailor treatments that
target the stem cell niches. The stark prognostic significance
of NKCCl1 suggests its potential as a target for novel thera-
peutic interventions aimed at inhibiting EMT processes.

Apoptotic upregulation mechanisms

14% of the studies dealt with apoptotic upregulation mecha-
nisms [32-34]. Two of them failed to establish correlations
with MDM2, epidermal growth factor receptor (EGFR),
MSH and Diaph3 expression and OS, highlighting the
complexity of apoptotic regulation in GBM [33]. However,
the identification of FoxO3a as a key controller of cell sur-
vival under hypoxic conditions presents a potential avenue
for patient stratification and therapeutic targeting. FoxO3a
expression was associated with a significant 38% reduc-
tion in OS, underscoring its prognostic value in identifying
high-risk patients [32]. The multifaceted nature of apoptotic
regulation necessitates a deeper understanding of the under-
lying mechanisms and their interplay with other pathways
involved in GBM progression.

ECM degradation molecule

10% of the studies dealt with ECM degradation molecules
[16, 35], identifying CD147, a MMP, as being dramatically
associated to OS reduction, with a percentage reduction of
95% [35]. Cathepsin S, a lysosomal proteinase capable of
degrading the ECM molecules laminin, collagen, and elas-
tin, was associated to a less dramatic OS percentage reduc-
tion of 50% [16]. There was no difference in the surgical
approach of subtotal resection (STR) versus gross total
resection (GTR) in different CD147 expression groups. A
percentage of Karnofsky performance score (KPS) < 80 was
higher in the high CD147 group (41%), compared to the
low CD147 group (23%) [35]. According to these data, the
expression of CD147 is associated to a significant reduction
not only in OS, but also in the quality of life (QOL), showing
significantly lower KPSs in the mutated group. This high-
lights the importance of implementing this marker in the
diagnosis to assess, beyond the need for more aggressive
therapeutic strategies, personalized supportive plans such

as rehabilitation structures due to the significant reduction
in qOL.

Cytoskeletal organization molecules

Cytoskeletal organization molecules, such as P21-activated
kinase 1, whose mechanism of invasion consist in the
rearrangement of cytoskeletal actin filaments, and VAV,
responsible for microtubular rearrangement, were identified
in 10% of the studies. None of which was found associated to
a statistically significant reduction in OS. Also PFS doesn’t
associate to a significant difference between the two groups
[17, 18].

RNA sequencing data

10% of the studies dealt with RNA sequencing data [30,
31], which allowed to classify GBM according to the tissue
of origin. Proneural (PN) and neural (NE) subtypes were
identified as better prognostic compared to mesenchymal
(MES) and classical subtypes (CL). The latter two are asso-
ciated to high ANXAI expression and have an OS percent-
age reduction of 96%. This dramatic OS reduction is thought
to be associated to an immune downregulation induced by
ANXAL, favouring the inhibitory glioma microenviron-
ment [30]. This stresses the importance to implement the
role of the immune system in the determination of glioma
microenvironment [36]. Zinn et al. proposes an innovative
classification of OS according to tumor volume, patient age
and KPS. The group VAK-A, associated to lower age, higher
KPS and lower tumor volume, was associated to a higher
OS compared to VAK-B (20 months vs 12 months). In addi-
tion, MGMT promoter methylation status resulted in a 10.5-
month additional survival benefit for VAK-A group [31].

Tissue of origin

1 study identified a correlation between MRI (T1 contrast,
T2 FLAIR) features and tumoral tissue of origin [37]. Dif-
ferent survival percentages at 12 months have been associ-
ated to different progenitor tissues: classical subtype 72%,
mesenchymal subtype 70%, neural subtype 75%, proneural
subtype 82% [37]. This highlights how radiological patterns
can already be implemented in GBM risk stratification.

Clinical relevance

The molecular patterns highlight the reason why it is almost
impossible to achieve a complete surgical resection in GBM
and its propensity for local recurrence. Our review unveils
the need for integrated therapeutic approaches that not only
target the tumour cells, but also modify the tumour microen-
vironment and address specific invasion pathways [36, 38].
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From the data retrieved, current therapeutic strategies are
facing important challenges in terms of concrete improve-
ment in OS, such as in the case of bevacizumab [23-26, 29].
In addition, only 1 study reported an already established
clinical correlation of a molecular target: Diaph3 is associ-
ated with a better response to chemotherapy with rapamy-
cin and taxanes [34]. This highlights how far we are from
efficient therapeutic strategies in the direction of person-
alized medicine. Incorporating such molecular targets into
the diagnostic and prognostic GBM workup could enhance
patient stratification in this direction. By identifying patients
with high expression levels of TWIST, NKCC1, and CD147
among others, clinicians can better predict tumor aggressive-
ness and hopefully tailor patients’ treatment. As a second
pass, these markers could guide the development of targeted
therapies ultimately improving patient outcomes. Overall,
integrating molecular profiling into routine clinical assess-
ment represents a promising approach to refining GBM man-
agement and enhancing survival rates, and preliminary data
encourage that we’re looking in the right direction.

Overall, comparing molecular tumor profiles before and
after therapy, as well as examining tissue from responders
versus non-responders, is crucial for generating hypotheses
to identify combination treatments that overcome resistance.
This approach might also help discover new biomarkers to
predict escape mechanisms in individual patients [39]. In
this context, as suggested by Chen et al., may be useful to
pursue more early-phase clinical trials where longitudinal
biopsies of tissues and fluids are embedded in the science of
the therapy under study, instead of the traditionally designed
“window of opportunity” trials which — as mentioned before
—have failed to obtain significant results in glioma treatment
[36].

Limitations

Big heterogeneity exists between the studies included in
this review, and some of them show contrasting data [30,
37]. Only studies on human subjects in vivo were included.
However, the investigation of molecular patterns of inva-
sion requires a thoughtful examination of cells behaviour
in in-vitro conditions. No sufficient data reporting mean
values and standard deviation (SD) for OS and PFS were
retrieved for meta-analysis, limiting the statistical quality
of information.

Furthermore, we acknowledge that our biggest limita-
tion was the search limited to a single database (PubMed/
Medline). While this database provides comprehensive
coverage in the field of neuro-oncology, utilizing additional
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databases such as Embase or Scopus could have expanded
the scope of our findings. This limitation may have resulted
in the omission of relevant studies published in journals not
indexed by PubMed. Future studies will aim to incorporate
multiple databases to ensure a more exhaustive review of
the literature. Another limitation in our search strategy was
not include the term “high grade glioma”. This could have
missed more recent studies using WHO 2021 nomenclature.

Conclusions

Our systematic review has shed light on the intricate molec-
ular mechanisms underlying invasiveness and aggressive-
ness in GBM. Through a comprehensive analysis, we have
synthesized evidence that not only elucidates the pathways
driving tumor progression but also highlights their implica-
tions for patients’ prognosis and treatment strategies. The
insights garnered from this review underscore the impor-
tance of integrating molecular profiling into clinical assess-
ments to refine prognostic predictions and tailor therapeutic
interventions effectively. Moving forward, leveraging this
knowledge holds the potential to revolutionize patient care
by enabling personalized therapeutic approaches that target
the specific molecular aberrations driving tumor invasive-
ness and aggressiveness. Further research endeavours are
warranted to deepen our understanding of these mechanisms
and translate these findings into tangible clinical benefits.
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