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Focal adhesion kinase (FAK) has long been explored as a therapeutic target in
glioblastoma (GBM) based on its overexpression and involvement in invasive
signaling. However, clinical trials have consistently failed to show benefit -
highlighting a core principle of translational oncology: target presence alone
does not imply therapeutic relevance. In contrast, neurofibromatosis type 2
(NF2)-mutant meningiomas present a biologically grounded vulnerability, in
which loss of the tumor suppressor moesin-ezrin-radixin-like protein (merlin)
creates a synthetic lethal dependency on FAK. This context-specific dependency
enables clinically meaningful targeting. Early-phase trials already show promising
disease control with favorable safety profiles. This mini review examines the
contrasting roles of FAK in GBM and NF2-mutant meningiomas to underscore
the importance of biological context in therapeutic decisions. We propose that
NF2-mutant meningiomas represent a model for context-specific, synthetic
lethal targeting, exemplifying a functional oncogenomics approach to
precision oncology.
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1 Introduction

Translational oncology often faces a fundamental challenge:
therapeutic targets are frequently chosen based on expression,
therapeutic actionability, and level of awareness rather than
functional dependency (1). FAK is a prime example. It has been
extensively studied in GBM due to its overexpression and
involvement in invasive and survival signaling pathways (2-10).
Despite favorable preclinical results, FAK inhibition has not
translated into clinical benefit in GBM (11-13), reflecting a
broader challenge in validating targets without context-specific
functional dependency.

Beyond GBM, it is crucial to consider how other brain tumor
entities differ in their biological drivers and therapeutic
vulnerabilities. This broader perspective allows a gradual shift from
histologic classification toward the molecular mechanisms that define
target dependency and the signaling networks closely linked to FAK
activity. Within this framework, one of the most prominent
alterations involves the NF2 pathway. The NF2 gene on
chromosome 22q is frequently inactivated in meningiomas by loss-
of-function events, such as intragenic deletions and truncating
mutations, often together with loss of the remaining 22q arm. Its
prevalence scales with World Health Organization (WHO) grade,
occurring in 36.8% of WHO grade 1, 60.1% of WHO grade 2, and
69.3% of WHO grade 3 tumors, with enrichment at convexity,
parasagittal, and falx locations (14, 15). NF2-mutant meningiomas
represent a cancer type where FAK inhibition shows actual
therapeutic promise (16). These tumors, defined by loss of merlin,
exhibit a biologically driven, synthetic lethal dependency on FAK
signaling (17-19). What is striking is that this vulnerability remained
unnoticed for years - not because it lacked scientific plausibility, but
because NF2-mutant meningiomas were not prioritized. Their
rediscovery as a FAK dependent entity was catalyzed by functional
genomics efforts and disease-relevant models alongside mechanistic
studies (19, 20). Moreover, the assumption that meningiomas are
uniformly benign has contributed to their neglect. Even low-grade
NF2-mutant meningiomas can encase large vessels and cranial
nerves, causing debilitating neurological symptoms and relentless
recurrence (20, 21).

Unlike previous reviews that primarily catalog FAK biology and
inhibitor development, this work provides a direct mechanistic
comparison between GBM and NF2-mutant meningioma to
illustrate how genetic context - not histological grade or target
abundance - dictates therapeutic relevance. We synthesize recent
mechanistic and clinical evidence showing that NF2 loss establishes
a synthetic lethal dependency on FAK signaling, in sharp contrast to
the non-essential, compensatory role of FAK in GBM. By
highlighting this distinction, the review challenges prevailing
assumptions about druggability in neuro-oncology and proposes a
functional dependency model for target prioritization, biomarker
development, and trial design.
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2 FAK signaling in GBM: presence
versus dependency

2.1 Clinical and mechanistic rationale for
FAK inhibition

In GBM, FAK, encoded by the protein tyrosine kinase 2 (PTK2)
gene, and its paralog PYK2, encoded by the PTK2B gene, are
frequently activated downstream of integrin and receptor tyrosine
kinase (RTK) signaling, particularly involving the epidermal growth
factor receptor (EGFR) and its mutant form EGFRvIIT (22). This
activation is common in tumors with alterations of the tumor
suppressor phosphatase and tensin homolog (PTEN) and is
enriched in invasive and recurrent disease (8, 22). Unlike
meningiomas, where NF2 mutations are common, such mutations
are very rare in GBM (< 2%) (23). In GBM, merlin may instead be
functionally suppressed, for example by ezrin-mediated
sequestration (24), but this does not constitute a recurrent
genomic driver.

Thus, FAK is frequently overexpressed in GBM and linked to
invasive behavior, glioma stem cell maintenance, and treatment
resistance (25-27). These observations initially motivated clinical
trials with FAK inhibitors such as GSK2256098, TAE226, and VS-
4718 (6, 28, 29). Preclinical studies showed reduced invasion,
increased apoptosis and therapy sensitization in vitro and in
xenografts through pharmacological FAK inactivation (2, 30, 31).

2.2 Why FAK failed as a therapeutic target
in GBM

However, these results did not translate into improved clinical
outcomes (11). Clinical trials in GBM failed to demonstrate
significant efficacy of FAK inhibition, revealing critical barriers:
functional redundancy in signaling networks (e.g., Src kinase,
extracellular signal-regulated kinase (ERK)), and - most
importantly - the lack of a predictive biomarker identifying true
target dependency (32-34). Such alternative explanations cannot be
fully ruled out, as biological and design-related differences between
GBM and NF2-mutant meningioma may also have contributed to
the divergent clinical outcomes (11, 16, 32). Overexpression of FAK
alone was insufficient to confer dependency, as GBM cells exhibited
marked heterogeneity in their reliance on FAK signaling (19,
35, 36).

This illustrates a broader translational challenge: the
assumption that molecular presence equates to therapeutic
relevance, which can severely mislead drug development (37-42).
In GBM, the disconnect between target expression and mechanistic
target addiction exemplifies how the absence of functional context
leads to failure - even when the target is biochemically tractable.
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2.3 Combination therapy strategies and
pathway co-targeting

Given the limited efficacy of FAK inhibition as monotherapy,
recent efforts in GBM have shifted toward rational combinations
that exploit pathway co-dependencies. FAK blockade with Y15
synergizes with temozolomide, increasing apoptosis and reducing
intracranial tumor growth (2). In glioma stem-like cells, FAK
inhibition enhances sensitivity to EGFR inhibitors via [1-
integrin/FAK/EGFR signaling (27). FAK targeting with TAE226
can also radiosensitize a subset of GBM models, though responses
are context-dependent (31). A recent chemogenomic screen
identified strong synergy between FAK and mitogen-activated
protein kinase 1/2 (MEK1/2) inhibition, particularly trametinib,
suppressing invasion and tumor burden across heterogeneous stem
cell models (43). These data support combination regimens - FAK
plus temozolomide, EGFR- or MEK-inhibitors, or radiotherapy - in
biomarker-selected patient subsets, with FAK functioning as a
signaling amplifier rather than a primary survival dependency.

3 FAK as a therapeutic vulnerability in
NF2-mutant meningioma

3.1 Mechanistic basis of FAK dependency
through NF2 loss

Unlike GBM, NF2-mutant meningiomas offer a biologically
grounded rationale for FAK inhibition (44). The NF2 gene
encodes merlin, which negatively regulates FAK and its
downstream signaling via the phosphoinositide 3-kinase/protein
kinase B (PI3K/AKT), mitogen-activated protein kinases (MAPK),
and hippo/yes-associated protein (hippo/YAP) pathways (45-47).
Loss of NF2 disrupts this control, resulting in constitutive FAK
activation and sustained pro-survival signaling (47, 48). This
establishes a synthetic lethal relationship: NF2-mutant tumor cells
exhibit dependency on FAK signaling for survival (49, 50).

3.2 Preclinical validation and biological
significance

Preclinical studies - employing CRISPR-based screens,
phosphoproteomics, and patient-derived models - have
consistently demonstrated that FAK inhibition in this context
induces apoptosis and suppresses tumor growth (44, 51, 52). This
dependency represents a functional vulnerability rather than a
correlative finding and may be pharmacologically exploited (53, 54).

These observations underscore a shift in neuro-oncology: while
GBM exemplifies the pitfalls of target selection without functional
validation, NF2-mutant meningiomas demonstrate how a well-
defined molecular context can expose actionable dependencies
(47, 55). In this setting, FAK expression indicates a biologically
essential role rather than functioning as a passive marker (56). This
contrast highlights the importance of functional stratification and
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serves as a model for precision oncology guided by context (42, 57).
The regulatory relationship of FAK dependency in NF2-mutant
meningioma and GBM is depicted in Figure 1 (58, 59).

4 Clinical evidence: the A071401 trial

4.1 The A071401 trial as a context-
matched model

The Alliance A071401 trial represents a key inflection point in
the translation of FAK inhibition for NF2-mutant meningiomas
(16). Initially designed as a biomarker-stratified monotherapy
study, the trial demonstrated encouraging clinical benefit with the
FAK inhibitor GSK2256098. A071401 reported a 6-month
progression-free survival (PFS6) of 83% (95% CI 52-98) in WHO
grade 1 meningiomas and 33% (95% CI 16-55) in WHO grade 2/3
tumors. Among all patients, 67% experienced disease stabilization,
and 3% achieved partial response - indicating meaningful disease
control in a historically treatment-resistant setting. The regimen
was well tolerated, with most adverse events being grade 1-2
gastrointestinal or dermatologic events, and no treatment-related
deaths reported. Moreover, the extracerebral location of
meningiomas facilitates better drug exposure, with fewer blood-
brain-barrier (BBB) constraints than intra-axial gliomas (60-62).
Notably, these results compare favorably to historical controls,
where no systemic therapy has consistently improved PFS in
recurrent or high-grade meningiomas: recent meta-analytic
evidence places median PFS at approximately 3-6 months, with
PFS6 rates often below 30% under available salvage treatments (63,
64). These findings must be contextualized within the small, single-
arm structure of A071401 and the similarly limited design of prior
exploratory meningioma trials (16, 54).

Building on these results, A071401 functions as a genomically
guided umbrella platform with parallel targeted arms, including
GSK2256098 for NF2-mutant and capivasertib for PI3K/AKT-
driven tumors. The trial’s adaptive structure not only improves
clinical alignment but also provides a framework for stratified
intervention in other molecularly defined central nervous system
(CNS) tumors (44). NF2-mutant meningiomas, once neglected,
serve as a prototype for context-informed therapeutic
development (65).

4.2 Implications for biomarker-driven
therapy development

Importantly, genomic co-alterations further refine the
therapeutic context. Among these, CDKN2A/B (cyclin-dependent
kinase inhibitor 2A and 2B) deletions, both heterozygous and
homozygous, are strongly associated with shortened time to
meningioma progression, with hazard ratios of 5.5 (heterozygous
deletion) and 8.4 (homozygous deletion), with prevalence rising by
WHO grade and reaching 28.9% homozygous loss in WHO grade 3
tumors (66). In high-grade/progressive meningiomas, the NF2-
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NF2-FAK signaling in NF2-mutant meningioma and GBM. In NF2-mutant meningioma, loss of merlin suppresses hippo kinase activity via CRL4-
DCAF1, a cullin-4 RING E3 ubiquitin ligase that uses DCAF1 as its substrate receptor, thereby inhibiting LATS1/2 (large tumor suppressor kinases 1/2)
and enabling YAP/TAZ-TEAD (TEA domain transcription factors) dependent transcription, creating FAK dependence. In GBM, NF2 mutations are rare;
instead, integrins, RTKs and ECM stiffness activate FAK and PYK2, with pathway redundancy limiting sensitivity to FAK inhibition. Black solid arrows
indicate activation; red solid arrows, inhibition; red dashed arrows, indirect or milieu-mediated suppression; and gray dashed arrows, crosstalk or
redundancy. Colors are used solely to improve visual clarity and highlight major signaling components; they do not indicate functional or
quantitative relationships. Created in BioRender.com Sagerer, A. (2025) https://BioRender.com/q7fhjgx.
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associated genomic subclass frequently harbors CDKN2A/B
alterations (15). These findings highlight that NF2 status alone
may not be sufficient for patient stratification and provide a
rationale to test combination therapies co-targeting FAK in NF2-
mutant and CDKN2A/B-deleted meningiomas. Table 1 summarizes
current and completed key clinical studies conducted within the
past fifteen years, exploring FAK targeted therapies with a focus on
NF2-mutant tumors.

4.3 Updated clinical landscape and
ongoing trials

Beyond A071401, tissue-agnostic trials have exposed the
limitations of NF2 loss as a stand-alone biomarker. In NCI-
MATCH Subprotocol U, defactinib achieved a 3% objective
response rate (ORR) and median PFS of 1.9 months in NF2-
altered tumors (67). Similarly, the COMMAND trial showed no
benefit from defactinib maintenance in merlin-low mesothelioma
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(68). In contrast, the FRAME trial demonstrated 42.3% response
and 20.1-month median PES using defactinib plus the RAF-MEK
inhibitor avutometinib in MAPK-driven tumors (69), highlighting
that pathway-aligned co-targeting may outperform NF2-based
monotherapy. These findings reinforce that FAK inhibitor success
depends on biomarker-guided patient selection and mechanistically
grounded combination design.

5 Diagnostics and functional tools for
therapy selection

5.1 Genetic and molecular tools for NF2
detection

Effective implementation of FAK targeted therapy in NF2-
mutant meningiomas requires precise diagnostic and stratification
strategies (70). The 2021 WHO CNS classification incorporates
molecular data into meningioma grading, acknowledging that NF2
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TABLE 1 Prospective clinical studies of FAK targeted therapy in NF2-mutant meningiomas and gliomas.

Design

Study
centers

Patient
population

No. of
patients

Results (mOS
/ mPFS /
ORR)

Reference

NCT01138033 / United GSK2256098 FAK 1 No 1 GSK2256098 Multi- Recurrent n=13 (3 dose mOS: NR / mPFS: Completed | PMID: 29788497
Kingdom (2010-13) PK/PD + center GBM cohorts; 8 PET 5.7 wk (95% CI (11)

[11C] substudy) 3.1-8.3) / ORR: 0%

—-GSK2256098 (3/11 SD, 1 patient

PET 11.3 mo)
Alliance A071401 / GSK2256098 FAK 11 No 1 GSK2256098 Multi- Recurrent/ n=36 (12 WHO | mOS: NR (WHO Completed | PMID: 36288512
NCT02523014 / United mono center progressive 1; 24 WHO 2/ 1); 21.5 mo (WHO (16)
States (2015-17) NF2-mutant 3) 2/3) / mPFS: 12.8

meningioma mo (WHO 1); 3.7
(WHO 1-3) mo (WHO 2/3) /
ORR: 3% (1 PR)
NCI-MATCH Defactinib (VS- | FAK 1I No 1 Defactinib Multi- Solid tumors n=33 treated mOS: NR / mPFS: Completed | PMID: 39693587
Subprotocol U 6063) mono center with NF2 (35 enrolled; 57 | 1.9 mo / ORR: 3% (67)
(EAY131-U) / alterations NF2-altered (1 PR in choroid
NCT04439331 / United (basket), incl. identified) meningioma, 40%
States (2015-17) meningioma SD)
NCT05798507 / United Defactinib or FAK, I No 2 Single pre- Single- Newly — — Recruiting | ClinicalTrials.gov
States (2023-ongoing) Avutometinib MEK operative dose | center diagnosed
(VS-6766) (PK/PD; tissue GBM

concentrations)
5G-RUBY / Avutometinib MEK + /1L Phase 1b non- Multiple Bayesian, Multi- Recurrent — — Recruiting | ClinicalTrials.gov
NCT06630260 / United + Defactinib (+ | FAK randomized; phase 2 biomarker open-label center malignant
Kingdom (2024- Temozolomide) adaptive arms platform (e.g., glioma, incl.

ongoing)

BRAF, NFI)

GBM

MEK, Mitogen-activated protein kinase kinase; mOS, Median overall survival; mPFS, Median progression-free survival; NR, Not reached; ORR, Objective response rate; PD, Pharmacodynamics; PK, Pharmacokinetics; PR, Partial response; SD, Stable disease.
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loss and 22q deletion define a distinct biological subgroup, as
outlined in ¢cIMPACT-NOW update 8 (71). Routine next-
generation sequencing (NGS) or immunohistochemistry (IHC)
now provides a practical approach for identifying merlin-deficient
tumors in clinical practice, while recognizing that molecular
confirmation remains the gold standard (71-74).

5.2 Dynamic and surrogate biomarkers for
FAK activity

Beyond static genotyping, dynamic functional assessment -
particularly phosphorylation of FAK at tyrosine 397 (pFAK-
Y397) - has emerged as a key indicator of pathway activation and
therapeutic relevance (75, 76). As of 2025, cerebrospinal fluid
(CSF)-derived extracellular vesicles (EV) have been explored as
an experimental platform (77, 78), for possible future pFAK-Y397
detection. Early studies suggest that serial EV profiling under
treatment pressure may correlate with response and progression,
but clinical validation is still pending (79-81). This innovation
could enhance therapeutic precision by enabling on-treatment
decision-making (77).

5.3 Digital and Al-based pathology
approaches

In parallel, artificial intelligence (AI)-based histopathological
tools have matured into clinically applicable decision aids (82, 83).
Such deep learning models have shown promising accuracy in
predicting NF2 loss, offering scalable, cost-effective screening in
routine pathology or even radiology workflows (84-86). Such tools
may be particularly useful in centers without immediate access to
molecular diagnostics.

Together, these molecular and digital technologies provide a
multilayered framework for stratifying patients based on both
genetic status and functional pathway activity - enabling FAK
targeted therapy to be deployed where it is most likely to succeed
(87-89).

6 Combination therapies to enhance
FAK inhibition

6.1 Mechanistic rationale for combination
strategies

Beyond canonical survival signaling, FAK modulates cytoskeletal
remodeling, mechanotransduction - the conversion of mechanical
cues from the extracellular matrix (ECM) into intracellular signaling
- and immune evasion through integrin-mediated adhesion and
downstream effectors such as ras homolog family member A
(RhoA)/rho-associated coiled-coil-containing protein kinase
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(ROCK) and YAP and transcriptional coactivator with PDZ-
binding motif (YAP/TAZ) (90-93). In NF2-mutant settings, FAK
inhibition can attenuate YAP/TAZ activity and favor hippo output,
leading to downregulation of YAP target genes and induction of
apoptosis - especially under high extracellular matrix stiffness or
anchorage independent growth, as shown in mesothelioma models
(94, 95). While monotherapy with FAK inhibitors has shown
promising disease control in NF2-mutant meningiomas (16),
rational combination strategies are increasingly pursued to
enhance efficacy and overcome resistance. Although these concepts
derive largely from non-meningioma models (94-100), they
represent conserved mechanistic principles that serve here as a
hypothesis-generating framework. These combinations aim to
intercept parallel survival pathways and exploit synthetic lethal
interactions grounded in tumor-specific molecular profiles
(57, 101). Furthermore, beyond kinase co-inactivation, recent
findings suggest a broader role for FAK in immune modulation.
FAK inhibition reduces desmoplasia and reprograms cancer-
associated fibroblast (CAF)-rich stroma, increases CD8" cytotoxic
T-cell infiltration, and can render tumors responsive to programmed
cell death protein 1 (PD-1) blockade (shown in pancreatic
ductal adenocarcinoma) (97, 99, 100). It preclinically enables
radiotherapy-induced immune priming to unlock checkpoint
responses (96, 98).

6.2 Opportunities and challenges for
clinical translation

However, specific evidence for a combined triple regimen in
NF2-mutant settings is currently lacking, emphasizing the need for
further validation before clinical translation.

The repositioning of FAK inhibitors in NF2-mutant
meningiomas exemplifies the potential of context-matched
therapy; however, key mechanistic questions remain (44).
Resistance mechanisms - whether through bypass signaling or
stromal compensation - require systematic elucidation through
multi-omics, including epigenomics, phosphoproteomics, and
single-cell transcriptomics, as well as CRISPR-based screening,
whether using drugs, knockdown, or CRISPR technology (52, 53,
102). These technologies can reveal dynamic vulnerabilities and
inform next-generation multi-targeting strategies. Integration into
multimodal treatment platforms, particularly immunotherapy
and radiotherapy, should be prioritized given FAK’s
immunomodulatory functions and the immunologically ‘cold’
tumor microenvironment typical of many CNS tumors (98).
Furthermore, novel diagnostic tools including emerging molecular
positron emission tomography (PET) tracers, CSF-derived EV
profiling, and Al-assisted histopathology could, under well
supervised conditions, enhance patient selection and treatment
monitoring (80, 82, 83, 103). These approaches offer potential for
dynamic response assessment and adaptive therapy (57).
Ultimately, the insights gained from NF2-mutant meningiomas
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may be generalizable to other tumors (e.g., mesothelioma) with
synthetic lethal architectures. Embedding biological context into
target selection is essential to achieve therapeutic precision in
genetically defined cancer subgroups.

7 Discussion

7.1 Context-driven target prioritization in
neuro-oncology

FAK inhibition in NF2-mutant meningiomas represents a rare
example of context-defined vulnerability in brain tumors (16, 44).
Yet, despite promising early-phase results, key translational barriers
remain; NF2 loss has served as an inclusion criterion and thus an
entry point, but remains insufficient to predict response (70). Clinical
data (e.g., A071401) reveal variable outcomes, likely influenced by
co-alteration (e.g., CDKN2A/B or DMD (dystrophin) deletions) (66,
102, 104, 105). These may rewire downstream survival pathways and
reduce FAK dependence (104). For completeness, FAK has also been
implicated preclinically in pediatric brain tumors, including
medulloblastoma (106). In GBM, the lack of a consistent FAK
dependency likely reflects pronounced cell-state heterogeneity,
with transcriptionally distinct subpopulations engaging FAK
signaling to different extents (19, 35, 36). As such, NF2 status
should be seen as an entry point - not a definitive biomarker.

From a druggability standpoint, several ATP-binding site FAK
inhibitors - including PF-00562271, defactinib, VS-4718 and
GSK2256098 - have advanced into early-phase clinical testing
with on-target pathway suppression and acceptable tolerability
during continuous oral dosing (12, 13). PET-based
pharmacokinetic analyses further show that GSK2256098 achieves
measurable intratumoral exposure in recurrent GBM despite
heterogeneous BBB permeability (11). The A071401 trial
additionally supports long-term twice-daily dosing and a
favorable therapeutic index in NF2-mutant meningioma (16).
Together, these data indicate that FAK inhibitors are
pharmacologically tractable in brain tumors, with remaining
challenges focused mainly on sustaining CNS exposure in intra-
axial disease and matching treatment to true FAK dependency.

7.2 Outstanding barriers to clinical
implementation

pFAK-Y397 is a functional surrogate of FAK activation but
lacks validated thresholds or standardized clinical assays (53, 75).
Detection via CSF-derived EVs is promising but technically
challenging: EV heterogeneity, low abundance, and normalization
issues hamper reproducibility (80, 81, 107). To date, no validated,
widely adopted platform enables scalable pharmacodynamic
monitoring. Exploratory biomarkers include hippo/YAP activity
signatures, which are enriched in NF2- and YAPI1-driven
meningiomas (108). Biomechanical stiffness measurements using
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magnetic resonance elastography correlate with meningioma
consistency and may serve as non-invasive functional markers
(109, 110). Imaging-based biomarkers such as perfusion magnetic
resonance imaging, already used to assess treatment response in
gliomas (111), could be integrated with molecular readouts (e.g.,
NF2/hippo status) for multimodal profiling. Resistance mechanisms
are poorly understood. Preclinical studies suggest bypass
mechanisms involving Src kinase, integrin-linked kinase (ILK)-
AKT, and cyclin-dependent kinase activation, including CDK2
and CDK4/6 (112-114). Additionally, YAP/TAZ reactivation via
ECM stiffness or cytoskeletal stress may restore downstream
signaling despite FAK inhibition (115-117). Without phospho-
profiling or single-cell analytics, these adaptations remain
undetected in clinical trials.

Mechanistically, FAK integrates adhesion, mechanotransduction,
and growth signals - but this centrality invites redundancy (53, 118).
In the context of ECM stiffening or hypoxia, FAK independent
pathways may be preferentially engaged, limiting therapeutic
efficacy (90, 119). Such factors likely vary by tumor grade, location
and tumor subtype, meaning FAK dependency is not uniform across
NF2-mutant meningiomas (47). Operationally, diagnostic
implementation is lagging. NF2 sequencing is inconsistently
available outside tertiary centers; pFAK quantification (IHC or EV)
is still unstandardized; and Al-based histological tools - though high
accuracy in predicting NF2 loss - lack clinical integration (81, 84).
Furthermore, no US Food and Drug Administration-listed
companion diagnostic exists to guide FAK targeted therapy.

The extent to which the NF2-FAK model can be generalized
beyond meningiomas remains uncertain. While mechanistically
plausible in other merlin-deficient tumors (e.g., mesothelioma,
schwannoma), synthetic lethality has not been robustly
demonstrated outside meningiomas (68, 120).

In sum, FAK inhibition in NF2-mutant tumors is a model for
context-driven therapy. But its broader clinical utility depends on
three advances: (a) robust, quantitative biomarkers beyond NF2
mutation; (aa) resistance profiling under therapeutic pressure; and
(aaa) integration of functional and digital diagnostics into real-
world care (121).

7.3 Strategies to overcome translational
barriers

Priorities include standardized pFAK-Y397 assessment or EV-
based detection once validated, and adaptive enrichment with on-
treatment sampling, circulating tumor DNA (ctDNA) monitoring,
and rapid cohort expansion (122). Resistance via Src, CDK, or YAP/
TAZ reactivation may necessitate combinations such as FAK plus
CDK4/6 or YAP/TAZ inhibition. Companion diagnostics -
including Al-based NF2 prediction or molecular PET tracers -
should be co-developed with phase I/II trials to enable regulatory
alignment. Without such elements, precision medicine will remain
confined to niche settings rather than delivering widely translatable
clinical benefits.

frontiersin.org


https://doi.org/10.3389/fonc.2025.1724278
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Sagerer et al.

Author contributions

AS: Investigation, Data curation, Writing - original draft,
Conceptualization. IE: Writing — review & editing. TJ: Writing -
review & editing. NC: Supervision, Writing - review &
editing, Conceptualization.

Funding

The author(s) declared that financial support was not received
for this work and/or its publication.

Conflict of interest

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

References

1. Sawyers CL. The cancer biomarker problem. Nature. (2008) 452:548-52.
doi: 10.1038/nature06913

2. Golubovskaya VM, Huang G, Ho B, Yemma M, Morrison CD, Lee J, et al.
Pharmacologic blockade of fak autophosphorylation decreases human glioblastoma
tumor growth and synergizes with temozolomide. Mol Cancer Ther. (2013) 12:162-72.
doi: 10.1158/1535-7163.MCT-12-0701

3. Jiang K, Yao G, Hu L, Yan Y, Liu J, Shi J, et al. Mob2 suppresses gbm cell
migration and invasion via regulation of fak/akt and camp/pka signaling. Cell Death
Dis. (2020) 11:230. doi: 10.1038/s41419-020-2381-8

4. Krcek R, Matschke V, Theis V, Adamietz IA, Buhler H, Theiss C. Vascular
endothelial growth factor, irradiation, and axitinib have diverse effects on motility and
proliferation of glioblastoma multiforme cells. Front Oncol. (2017) 7:182. doi: 10.3389/
fonc.2017.00182

5. Lipinski CA, Tran NL, Menashi E, Rohl C, Kloss J, Bay RC, et al. The tyrosine
kinase pyk2 promotes migration and invasion of glioma cells. Neoplasia. (2005) 7:435-
45. doi: 10.1593/ne0.04712

6. Liu TJ, LaFortune T, Honda T, Ohmori O, Hatakeyama S, Meyer T, et al.
Inhibition of both focal adhesion kinase and insulin-like growth factor-I receptor
kinase suppresses glioma proliferation in vitro and in vivo. Mol Cancer Ther. (2007)
6:1357-67. doi: 10.1158/1535-7163.MCT-06-0476

7. Mitra SK, Hanson DA, Schlaepfer DD. Focal adhesion kinase: in command and
control of cell motility. Nat Rev Mol Cell Biol. (2005) 6:56-68. doi: 10.1038/nrm1549

8. Ortiz Rivera ], Velez Crespo G, Inyushin M, Kucheryavykh Y, Kucheryavykh L.
Pyk2/fak signaling is upregulated in recurrent glioblastoma tumors in a C57bl/6/gl261
glioma implantation model. Int J Mol Sci. (2023) 24. doi: 10.3390/ijms241713467

9. Schlaepfer DD, Ojalill M, Stupack DG. Focal adhesion kinase signaling - tumor
vulnerabilities and clinical opportunities. J Cell Sci. (2024) 137. doi: 10.1242/jcs.261723

10. Sulzmaier FJ, Jean C, Schlaepfer DD. Fak in cancer: mechanistic findings and
clinical applications. Nat Rev Cancer. (2014) 14:598-610. doi: 10.1038/nrc3792

11. Brown NF, Williams M, Arkenau HT, Fleming RA, Tolson J, Yan L, et al. A study
of the focal adhesion kinase inhibitor gsk2256098 in patients with recurrent
glioblastoma with evaluation of tumor penetration of [11c]Gsk2256098. Neuro
Oncol. (2018) 20:1634-42. doi: 10.1093/neuonc/noy078

12. Infante JR, Camidge DR, Mileshkin LR, Chen EX, Hicks RJ, Rischin D, et al.
Safety, pharmacokinetic, and pharmacodynamic phase I dose-escalation trial of pf-
00562271, an inhibitor of focal adhesion kinase, in advanced solid tumors. J Clin Oncol.
(2012) 30:1527-33. doi: 10.1200/JC0O.2011.38.9346

13. Jones SF, Siu LL, Bendell JC, Cleary JM, Razak AR, Infante JR, et al. A phase I study
of vs-6063, a second-generation focal adhesion kinase inhibitor, in patients with advanced
solid tumors. Invest New Drugs. (2015) 33:1100-7. doi: 10.1007/s10637-015-0282-y

14. Maas SLN, Sahm F, Juratli TA. Comprehensive Overview of Genetic Alterations
in Meningioma. In: Maiuri F, Del Basso De Caro M, editors. Meningiomas: From
Pathology to Clinics. Springer Nature Switzerland, Cham (2024). p. 65-74.

Frontiers in Oncology

10.3389/fonc.2025.1724278

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

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

15. Williams EA, Santagata S, Wakimoto H, Shankar GM, Barker FG2nd, Sharaf R,
et al. Distinct genomic subclasses of high-grade/progressive meningiomas: nf2-
associated, nf2-exclusive, and nf2-agnostic. Acta Neuropathol Commun. (2020) 8:171.
doi: 10.1186/540478-020-01040-2

16. Brastianos PK, Twohy EL, Gerstner ER, Kaufmann TJ, Iafrate AJ, Lennerz J, et al.
Alliance A071401: phase ii trial of focal adhesion kinase inhibition in meningiomas
with somatic nf2 mutations. J Clin Oncol. (2023) 41:618-28. doi: 10.1200/JC0O.21.02371

17. McClatchey AL, Giovannini M. Membrane organization and tumorigenesis—the
nf2 tumor suppressor, merlin. Genes Dev. (2005) 19:2265-77. doi: 10.1101/gad.1335605

18. Petrilli AM, Fernandez-Valle C. Role of merlin/nf2 inactivation in tumor
biology. Oncogene. (2016) 35:537-48. doi: 10.1038/0n¢.2015.125

19. Shapiro IM, Kolev VN, Vidal CM, Kadariya Y, Ring JE, Wright Q, et al. Merlin
deficiency predicts fak inhibitor sensitivity: A synthetic lethal relationship. Sci Transl
Med. (2014) 6:237ra68. doi: 10.1126/scitranslmed.3008639

20. Ogasawara C, Philbrick BD, Adamson DC. Meningioma: A review of
epidemiology, pathology, diagnosis, treatment, and future directions. Biomedicines.
(2021) 9. doi: 10.3390/biomedicines9030319

21. Goutagny S, Bah AB, Henin D, Parfait B, Grayeli AB, Sterkers O, et al. Long-term
follow-up of 287 meningiomas in neurofibromatosis type 2 patients: clinical,
radiological, and molecular features. Neuro Oncol. (2012) 14:1090-6. doi: 10.1093/
neuonc/nos129

22. Lassman AB, Aldape KD, Ansell PJ, Bain E, Curran WJ, Eoli M, et al. Epidermal
growth factor receptor (Egfr) amplification rates observed in screening patients for
randomized trials in glioblastoma. J Neurooncol. (2019) 144:205-10. doi: 10.1007/
s11060-019-03222-y

23. Guerrero PA, Yin W, Camacho L, Marchetti D. Oncogenic role of merlin/nf2 in
glioblastoma. Oncogene. (2015) 34:2621-30. doi: 10.1038/0nc.2014.185

24. Morales FC, Molina JR, Hayashi Y, Georgescu MM. Overexpression of ezrin
inactivates nf2 tumor suppressor in glioblastoma. Neuro Oncol. (2010) 12:528-39.
doi: 10.1093/neuonc/nop060

25. Alza L, Nager M, Visa A, Canti C, Herreros J. Fak inhibition induces
glioblastoma cell senescence-like state through P62 and P27. Cancers (Basel). (2020)
12. doi: 10.3390/cancers12051086

26. Ding L, Sun X, You Y, Liu N, Fu Z. Expression of focal adhesion kinase and
phosphorylated focal adhesion kinase in human gliomas is associated with unfavorable
overall survival. Transl Res. (2010) 156:45-52. doi: 10.1016/j.trs.2010.05.001

27. Srikanth M, Das S, Berns EJ, Kim J, Stupp SI, Kessler JA. Nanofiber-mediated
inhibition of focal adhesion kinase sensitizes glioma stemlike cells to epidermal growth
factor receptor inhibition. Neuro Oncol. (2013) 15:319-29. doi: 10.1093/neuonc/nos316

28. Kurmasheva RT, Gorlick R, Kolb EA, Keir ST, Maris JM, Lock RB, et al. Initial
testing of vs-4718, a novel inhibitor of focal adhesion kinase (Fak), against pediatric

tumor models by the pediatric preclinical testing program. Pediatr Blood Cancer.
(2017) 64. doi: 10.1002/pbc.26304

frontiersin.org


https://doi.org/10.1038/nature06913
https://doi.org/10.1158/1535-7163.MCT-12-0701
https://doi.org/10.1038/s41419-020-2381-8
https://doi.org/10.3389/fonc.2017.00182
https://doi.org/10.3389/fonc.2017.00182
https://doi.org/10.1593/neo.04712
https://doi.org/10.1158/1535-7163.MCT-06-0476
https://doi.org/10.1038/nrm1549
https://doi.org/10.3390/ijms241713467
https://doi.org/10.1242/jcs.261723
https://doi.org/10.1038/nrc3792
https://doi.org/10.1093/neuonc/noy078
https://doi.org/10.1200/JCO.2011.38.9346
https://doi.org/10.1007/s10637-015-0282-y
https://doi.org/10.1186/s40478-020-01040-2
https://doi.org/10.1200/JCO.21.02371
https://doi.org/10.1101/gad.1335605
https://doi.org/10.1038/onc.2015.125
https://doi.org/10.1126/scitranslmed.3008639
https://doi.org/10.3390/biomedicines9030319
https://doi.org/10.1093/neuonc/nos129
https://doi.org/10.1093/neuonc/nos129
https://doi.org/10.1007/s11060-019-03222-y
https://doi.org/10.1007/s11060-019-03222-y
https://doi.org/10.1038/onc.2014.185
https://doi.org/10.1093/neuonc/nop060
https://doi.org/10.3390/cancers12051086
https://doi.org/10.1016/j.trsl.2010.05.001
https://doi.org/10.1093/neuonc/nos316
https://doi.org/10.1002/pbc.26304
https://doi.org/10.3389/fonc.2025.1724278
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Sagerer et al.

29. Soria JC, Gan HK, Blagden SP, Plummer R, Arkenau HT, Ranson M, et al. A
Phase I, Pharmacokinetic and pharmacodynamic study of gsk2256098, a focal adhesion
kinase inhibitor, in patients with advanced solid tumors. Ann Oncol. (2016) 27:2268-
74. doi: 10.1093/annonc/mdw427

30. Huang G, Ho B, Conroy J, Liu S, Qiang H, Golubovskaya V. The microarray
gene profiling analysis of glioblastoma cancer cells reveals genes affected by fak
inhibitor Y15 and combination of Y15 and temozolomide. Anticancer Agents Med
Chem. (2014) 14:9-17. doi: 10.2174/18715206113139990141

31. Storch K, Sagerer A, Cordes N. Cytotoxic and radiosensitizing effects of fak
targeting in human glioblastoma cells in vitro. Oncol Rep. (2015) 33:2009-16.
doi: 10.3892/0r.2015.3753

32. Arvanitis CD, Ferraro GB, Jain RK. The blood-brain barrier and blood-tumour
barrier in brain tumours and metastases. Nat Rev Cancer. (2020) 20:26-41.
doi: 10.1038/s41568-019-0205-x

33. Blakeley J. Drug delivery to brain tumors. Curr Neurol Neurosci Rep. (2008)
8:235-41. doi: 10.1007/s11910-008-0036-8

34. McLean GW, Carragher NO, Avizienyte E, Evans J, Brunton VG, Frame MC.
The role of focal-adhesion kinase in cancer - a new therapeutic opportunity. Nat Rev
Cancer. (2005) 5:505-15. doi: 10.1038/nrc1647

35. Neftel C, Laffy J, Filbin MG, Hara T, Shore ME, Rahme GJ, et al. An integrative
model of cellular states, plasticity, and genetics for glioblastoma. Cell. (2019) 178:835-
49 e21. doi: 10.1016/j.cell.2019.06.024

36. Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM, Wakimoto H, et al.
Single-cell rna-seq highlights intratumoral heterogeneity in primary glioblastoma.
Science. (2014) 344:1396-401. doi: 10.1126/science.1254257

37. AlDoughaim M, AlSuhebany N, AlZahrani M, AlQahtani T, AlGhamdi §,
Badreldin H, et al. Cancer biomarkers and precision oncology: A review of recent
trends and innovations. Clin Med Insights Oncol. (2024) 18:11795549241298541.
doi: 10.1177/11795549241298541

38. Arafeh R, Shibue T, Dempster JM, Hahn WC, Vazquez F. The present and future
of the cancer dependency map. Nat Rev Cancer. (2025) 25:59-73. doi: 10.1038/s41568-
024-00763-x

39. Lee JS, Nair NU, Dinstag G, Chapman L, Chung Y, Wang K, et al. Synthetic
lethality-mediated precision oncology via the tumor transcriptome. Cell. (2021)
184:2487-502 el3. doi: 10.1016/j.cell.2021.03.030

40. Previtali V, Bagnolini G, Ciamarone A, Ferrandi G, Rinaldi F, Myers SH, et al.
New horizons of synthetic lethality in cancer: current development and future
perspectives. ] Med Chem. (2024) 67:11488-521. doi: 10.1021/
acs.jmedchem.4c00113

41. Schaffer AA, Chung Y, Kammula AV, Ruppin E, Lee JS. A systematic analysis of
the landscape of synthetic lethality-driven precision oncology. Med. (2024) 5:73-89 €9.
doi: 10.1016/j.med;.2023.12.009

42. Tsherniak A, Vazquez F, Montgomery PG, Weir BA, Kryukov G, Cowley GS,
et al. Defining a cancer dependency map. Cell. (2017) 170:564-76 e16. doi: 10.1016/
j.cell.2017.06.010

43. Furqan M, Elliott RJR, Nagle PWK, Dawson JC, Masalmeh R, Garcia VA, et al.
Drug combinations targeting fak and mek overcomes tumor heterogeneity in
glioblastoma. Pharmaceutics. (2025) 17. doi: 10.3390/pharmaceutics17050549

44. Wang JZ, Landry AP, Raleigh DR, Sahm F, Walsh KM, Goldbrunner R, et al.
Meningioma: international consortium on meningiomas consensus review on scientific
advances and treatment paradigms for clinicians, researchers, and patients. Neuro
Oncol. (2024) 26:1742-80. doi: 10.1093/neuonc/noae082

45. Cooper J, Giancotti FG. Molecular insights into nf2/merlin tumor suppressor
function. FEBS Lett. (2014) 588:2743-52. doi: 10.1016/j.febslet.2014.04.001

46. Li W, You L, Cooper J, Schiavon G, Pepe-Caprio A, Zhou L, et al. Merlin/nf2
suppresses tumorigenesis by inhibiting the E3 ubiquitin ligase crl4(Dcafl) in the
nucleus. Cell. (2010) 140:477-90. doi: 10.1016/j.cell.2010.01.029

47. Szulzewsky F, Thirimanne HN, Holland EC. Meningioma: current updates on
genetics, classification, and mouse modeling. Ups J Med Sci. (2024) 129. doi: 10.48101/
ujms.v129.10579

48. James MF, Han S, Polizzano C, Plotkin SR, Manning BD, Stemmer-Rachamimov
AO, et al. Nf2/merlin is a novel negative regulator of mtor complex 1, and activation of
mtorcl is associated with meningioma and schwannoma growth. Mol Cell Biol. (2009)
29:4250-61. doi: 10.1128/MCB.01581-08

49. Shah NR, Tancioni I, Ward KK, Lawson C, Chen XL, Jean C, et al. Analyses of
merlin/nf2 connection to fak inhibitor responsiveness in serous ovarian cancer. Gynecol
Oncol. (2014) 134:104-11. doi: 10.1016/j.ygyno.2014.04.044

50. Shahbandi A, Shah DS, Hadley CC, Patel AJ. The role of pharmacotherapy in
treatment of meningioma: A systematic review. Cancers (Basel). (2023) 15.
doi: 10.3390/cancers15020483

51. Laraba L, Hillson L, de Guibert JG, Hewitt A, Jaques MR, Tang TT, et al.
Inhibition of yap/taz-driven tead activity prevents growth of nf2-null schwannoma and
meningioma. Brain. (2023) 146:1697-713. doi: 10.1093/brain/awac342

52. Waldt N, Kesseler C, Fala P, John P, Kirches E, Angenstein F, et al. Crispr/cas-
based modeling of nf2 loss in meningioma cells. J Neurosci Methods. (2021)
356:109141. doi: 10.1016/j.jneumeth.2021.109141

Frontiers in Oncology

10.3389/fonc.2025.1724278

53. Hu HH, Wang SQ, Shang HL, Lv HF, Chen BB, Gao SG, et al. Roles and
inhibitors of fak in cancer: current advances and future directions. Front Pharmacol.
(2024) 15:1274209. doi: 10.3389/fphar.2024.1274209

54. Mair MJ, Berghoff AS, Brastianos PK, Preusser M. Emerging systemic treatment
options in meningioma. J Neurooncol. (2023) 161:245-58. doi: 10.1007/s11060-022-
04148-8

55. Inetas-Yengin G, Bayrak OF. Related mechanisms, current treatments, and new
perspectives in meningioma. Genes Chromosomes Cancer. (2024) 63:223248.
doi: 10.1002/gcc.23248

56. Parrish AG, Arora S, Thirimanne HN, Rudoy D, Schmid S, Sievers P, et al.
Aggressive high-grade nf2 mutant meningiomas downregulate oncogenic yap signaling
via the upregulation of vgll4 and fat3/4. bioRxiv. (2024). doi: 10.1101/
2024.05.30.596719

57. Xu D, Yin S, Shu Y. Nf2: an underestimated player in cancer metabolic
reprogramming and tumor immunity. NPJ Precis Oncol. (2024) 8:133. doi: 10.1038/
541698-024-00627-5

58. Jia Z, Yang S, Li M, Lei Z, Ding X, Fan M, et al. A novel nf2 splicing mutant
causes neurofibromatosis type 2 via liquid-liquid phase separation with large tumor
suppressor and hippo pathway. iScience. (2022) 25:105275. doi: 10.1016/
j.i5¢i.2022.105275

59. Li W, Cooper ], Zhou L, Yang C, Erdjument-Bromage H, Zagzag D, et al. Merlin/
nf2 loss-driven tumorigenesis linked to crl4(Dcafl)-mediated inhibition of the hippo
pathway kinases lats1 and 2 in the nucleus. Cancer Cell. (2014) 26:48-60. doi: 10.1016/
j.ccr.2014.05.001

60. Mitusova K, Peltek OO, Karpov TE, Muslimov AR, Zyuzin MV, Timin AS.
Overcoming the blood-brain barrier for the therapy of Malignant brain tumor: current
status and prospects of drug delivery approaches. ] Nanobiotechnology. (2022) 20:412.
doi: 10.1186/s12951-022-01610-7

61. White AJ, Harary M, Casaos J, Everson RG. Current immunotherapy techniques
in meningioma. Expert Rev Anticancer Ther. (2024) 24:931-41. doi: 10.1080/
14737140.2024.2399252

62. Zhang Z, Wang S, Ren F, Yang L, Xie H, Pan L, et al. Inflammatory factors and
risk of meningiomas: A bidirectional mendelian-randomization study. Front Neurosci.
(2023) 17:1186312. doi: 10.3389/fnins.2023.1186312

63. Kotecha R, Akdemir EY, Kutuk T, Ilgin C, Ahluwalia MS, Bi WL, et al
Benchmarking the efficacy of salvage systemic therapies for recurrent meningioma:
A rano group systematic review and meta-analysis to guide clinical trial design. Neuro
Oncol. (2025) 27:1670-85. doi: 10.1093/neuonc/noaf009

64. Li Y, Drappatz J. Advances in the systemic therapy for recurrent meningiomas
and the challenges ahead. Expert Rev Neurother. (2023) 23:995-1004. doi: 10.1080/
14737175.2023.2254498

65. Yuen CA, Zheng M, Saint-Germain MA, Kamson DO. Meningioma: novel
diagnostic and therapeutic approaches. Biomedicines. (2025) 13. doi: 10.3390/
biomedicines13030659

66. Wach J, Basaran AE, Arlt F, Vychopen M, Seidel C, Barrantes-Freer A, et al.
Cdkn2a/B deletions are strongly associated with meningioma progression: A meta-
analysis of individual patient data. Acta Neuropathol Commun. (2023) 11:189.
doi: 10.1186/540478-023-01690-y

67. Zauderer MG, Jegede O, Jackman DM, Zwiebel JA, Gray R], Wang V, et al. Phase
ii study of defactinib (Vs6063) in patients with tumors with nf2 loss: results from the
nci-match ecog-acrin trial (Eay131) subprotocol U. JCO Precis Oncol. (2024) 8:
€2400327. doi: 10.1200/P0.24.00327

68. Fennell DA, Baas P, Taylor P, Nowak AK, Gilligan D, Nakano T, et al.
Maintenance defactinib versus placebo after first-line chemotherapy in patients with
merlin-stratified pleural mesothelioma: command-a double-blind, randomized, phase
ii study. J Clin Oncol. (2019) 37:790-8. doi: 10.1200/JC0O.2018.79.0543

69. Banerjee S, Krebs MG, Greystoke A, Garces Al, Perez VS, Terbuch A, et al.
Defactinib with avutometinib in patients with solid tumors: the phase 1 frame trial. Nat
Med. (2025) 39:3074-80. doi: 10.1038/s41591-025-03763-y

70. Sahm F, Bertero L, Brandner S, Capper D, Goldbrunner R, Jenkinson MD, et al.
European association of neuro-oncology guideline on molecular testing of
meningiomas for targeted therapy selection. Neuro Oncol. (2025) 27:869-83.
doi: 10.1093/neuonc/noae253

71. Sahm F, Aldape KD, Brastianos PK, Brat DJ, Dahiya S, von Deimling A, et al.
Cimpact-now update 8: clarifications on molecular risk parameters and
recommendations for who grading of meningiomas. Neuro Oncol. (2025) 27:319-30.
doi: 10.1093/neuonc/noael70

72. Kashiwagi-Hakozaki M, Ikemura M, Miyawaki S, Teranishi Y, Okano A, Saito N,
et al. Merlin immunohistochemistry is a reliable surrogate marker for nf2 gene
alterations in meningioma. Histopathology. (2025) 87:915-22. doi: 10.1111/his.15539

73. Tollefsen SE, Meta R, Solheim O, Mjones P, Vestrheim I, Sjursen W, et al. Merlin
immunoreactivity fails to predict neurofibromatosis type 2 mutations in human
meningiomas. ] Neuropathol Exp Neurol. (2025) 84:825-30. doi: 10.1093/jnen/nlaf058

74. Torp SH, Solheim O, Skjulsvik AJ. The who 2021 classification of central nervous
system tumours: A practical update on what neurosurgeons need to know-a
minireview. Acta Neurochir (Wien). (2022) 164:2453-64. doi: 10.1007/s00701-022-
05301-y

frontiersin.org


https://doi.org/10.1093/annonc/mdw427
https://doi.org/10.2174/18715206113139990141
https://doi.org/10.3892/or.2015.3753
https://doi.org/10.1038/s41568-019-0205-x
https://doi.org/10.1007/s11910-008-0036-8
https://doi.org/10.1038/nrc1647
https://doi.org/10.1016/j.cell.2019.06.024
https://doi.org/10.1126/science.1254257
https://doi.org/10.1177/11795549241298541
https://doi.org/10.1038/s41568-024-00763-x
https://doi.org/10.1038/s41568-024-00763-x
https://doi.org/10.1016/j.cell.2021.03.030
https://doi.org/10.1021/acs.jmedchem.4c00113
https://doi.org/10.1021/acs.jmedchem.4c00113
https://doi.org/10.1016/j.medj.2023.12.009
https://doi.org/10.1016/j.cell.2017.06.010
https://doi.org/10.1016/j.cell.2017.06.010
https://doi.org/10.3390/pharmaceutics17050549
https://doi.org/10.1093/neuonc/noae082
https://doi.org/10.1016/j.febslet.2014.04.001
https://doi.org/10.1016/j.cell.2010.01.029
https://doi.org/10.48101/ujms.v129.10579
https://doi.org/10.48101/ujms.v129.10579
https://doi.org/10.1128/MCB.01581-08
https://doi.org/10.1016/j.ygyno.2014.04.044
https://doi.org/10.3390/cancers15020483
https://doi.org/10.1093/brain/awac342
https://doi.org/10.1016/j.jneumeth.2021.109141
https://doi.org/10.3389/fphar.2024.1274209
https://doi.org/10.1007/s11060-022-04148-8
https://doi.org/10.1007/s11060-022-04148-8
https://doi.org/10.1002/gcc.23248
https://doi.org/10.1101/2024.05.30.596719
https://doi.org/10.1101/2024.05.30.596719
https://doi.org/10.1038/s41698-024-00627-5
https://doi.org/10.1038/s41698-024-00627-5
https://doi.org/10.1016/j.isci.2022.105275
https://doi.org/10.1016/j.isci.2022.105275
https://doi.org/10.1016/j.ccr.2014.05.001
https://doi.org/10.1016/j.ccr.2014.05.001
https://doi.org/10.1186/s12951-022-01610-7
https://doi.org/10.1080/14737140.2024.2399252
https://doi.org/10.1080/14737140.2024.2399252
https://doi.org/10.3389/fnins.2023.1186312
https://doi.org/10.1093/neuonc/noaf009
https://doi.org/10.1080/14737175.2023.2254498
https://doi.org/10.1080/14737175.2023.2254498
https://doi.org/10.3390/biomedicines13030659
https://doi.org/10.3390/biomedicines13030659
https://doi.org/10.1186/s40478-023-01690-y
https://doi.org/10.1200/PO.24.00327
https://doi.org/10.1200/JCO.2018.79.0543
https://doi.org/10.1038/s41591-025-03763-y
https://doi.org/10.1093/neuonc/noae253
https://doi.org/10.1093/neuonc/noae170
https://doi.org/10.1111/his.15539
https://doi.org/10.1093/jnen/nlaf058
https://doi.org/10.1007/s00701-022-05301-y
https://doi.org/10.1007/s00701-022-05301-y
https://doi.org/10.3389/fonc.2025.1724278
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Sagerer et al.

75. Drake R]JG, Landen AH, Holmberg E, Stenmark Tullberg A, Killander F, Nimeus
E, et al. Endothelial cell py397-fak expression predicts the risk of breast cancer
recurrences after radiotherapy in the swebcg91-rt cohort. Clin Cancer Res. (2025)
31:1323-32. doi: 10.1158/1078-0432.CCR-24-2939

76. Zhang Z, Li], Jiao S, Han G, Zhu J, Liu T. Functional and clinical characteristics
of focal adhesion kinases in cancer progression. Front Cell Dev Biol. (2022) 10:1040311.
doi: 10.3389/fcell.2022.1040311

77. de Lima BP, Ferraz LS, Devalle S, Borges HL. Liquid biopsy-derived tumor
biomarkers for clinical applications in glioblastoma. Biomolecules. (2025) 15.
doi: 10.3390/biom15050658

78. Giuliani P, De Simone C, Febo G, Bellasame A, Tupone N, Di Virglio V, et al.
Proteomics studies on extracellular vesicles derived from glioblastoma: where do we
stand? Int ] Mol Sci. (2024) 25. doi: 10.3390/ijms25189778

79. Riviere-Cazaux C, Dong X, Mo W, Kumar R, Dai C, Carlstrom LP, et al.
Longitudinal glioma monitoring via cerebrospinal fluid cell-free DNA. Clin Cancer Res.
(2025) 31:881-9. doi: 10.1158/1078-0432.CCR-24-1814

80. Riviere-Cazaux C, Keough MB, Zuccato JA, Kumar R, Schulz S, Warrington AE,
et al. A hitchhiker's guide to cerebrospinal fluid biomarkers for neuro-oncology. Neuro
Oncol. (2025) 27:1165-79. doi: 10.1093/neuonc/noae276

81. Sandau US, Magana SM, Costa J, Nolan JP, Ikezu T, Vella LJ, et al.
Recommendations for reproducibility of cerebrospinal fluid extracellular vesicle
studies. ] Extracell Vesicles. (2024) 13:12397. doi: 10.1002/jev2.12397

82. Gu H, Yang C, Al-Kharouf I, Magaki S, Lakis N, Williams CK, et al. Enhancing
mitosis quantification and detection in meningiomas with computational digital
pathology. Acta Neuropathol Commun. (2024) 12:7. doi: 10.1186/s40478-023-01707-6

83. Noori Mirtaheri P, Akhbari M, Najafi F, Mehrabi H, Babapour A, Rahimian Z,
et al. Performance of deep learning models for automatic histopathological grading of
meningiomas: A systematic review and meta-analysis. Front Neurol. (2025)
16:1536751. doi: 10.3389/fneur.2025.1536751

84. Azamat S, Buz-Yalug B, Dindar SS, Yilmaz Tan K, Ozcan A, Can O, et al.
Susceptibility-weighted mri for predicting nf-2 mutations and S100 protein expression
in meningiomas. Diagnostics (Basel). (2024) 14. doi: 10.3390/diagnostics14070748

85. Sehring J, Dohmen H, Selignow C, Schmid K, Grau S, Stein M, et al. Leveraging
attention-based convolutional neural networks for meningioma classification in
computational histopathology. Cancers (Basel). (2023) 15. doi: 10.3390/
cancers15215190

86. Song D, Cai R, Lou Y, Zhang K, Xu D, Yan D, et al. Advancements in the
application of mri radiomics in meningioma. Radiat Oncol. (2025) 20:105. doi: 10.1186/
s13014-025-02679-8

87. Landry AP, Wang JZ, Liu J, Patil V, Gui C, Patel Z, et al. Development and
validation of a molecular classifier of meningiomas. Neuro Oncol. (2025) 27:1258-69.
doi: 10.1093/neuonc/noae242

88. Marastoni E, Barresi V. Meningioma grading beyond histopathology: relevance
of epigenetic and genetic features to predict clinical outcome. Cancers (Basel). (2023)
15. doi: 10.3390/cancers15112945

89. Nasrallah MP, Aldape KD. Molecular classification and grading of meningioma.
J Neurooncol. (2023) 161:373-81. doi: 10.1007/s11060-022-04228-9

90. Di X, Gao X, Peng L, Ai J, Jin X, Qi S, et al. Cellular mechanotransduction in
health and diseases: from molecular mechanism to therapeutic targets. Signal
Transduct Target Ther. (2023) 8:282. doi: 10.1038/s41392-023-01501-9

91. Kim NG, Gumbiner BM. Adhesion to fibronectin regulates hippo signaling via
the fak-src-pi3k pathway. J Cell Biol. (2015) 210:503-15. doi: 10.1083/jcb.201501025

92. Meli VS, Veerasubramanian PK, Downing TL, Wang W, Liu WF.
Mechanosensation to inflammation: roles for yap/taz in innate immune cells. Sci
Signal. (2023) 16:eadc9656. doi: 10.1126/scisignal.adc9656

93. Scott KE, Fraley SI, Rangamani P. A spatial model of yap/taz signaling reveals
how stiffness, dimensionality, and shape contribute to emergent outcomes. Proc Natl
Acad Sci U.S.A. (2021) 118. doi: 10.1073/pnas.2021571118

94. Hong AW, Meng Z, Plouffe SW, Lin Z, Zhang M, Guan KL. Critical roles of
phosphoinositides and nf2 in hippo pathway regulation. Genes Dev. (2020) 34:511-25.
doi: 10.1101/gad.333435.119

95. Laszlo V, Valko Z, Ozsvar J, Kovacs I, Garay T, Hoda MA, et al. The fak inhibitor bi
853520 inhibits spheroid formation and orthotopic tumor growth in Malignant pleural
mesothelioma. ] Mol Med (Berl). (2019) 97:231-42. doi: 10.1007/s00109-018-1725-7

96. Canel M, Taggart D, Sims AH, Lonergan DW, Waizenegger IC, Serrels A. T-cell
co-stimulation in combination with targeting fak drives enhanced anti-tumor
immunity. Elife. (2020) 9. doi: 10.7554/eLife.48092

97. Jiang H, Hegde S, Knolhoft BL, Zhu Y, Herndon JM, Meyer MA, et al. Targeting
focal adhesion kinase renders pancreatic cancers responsive to checkpoint
immunotherapy. Nat Med. (2016) 22:851-60. doi: 10.1038/nm.4123

98. Lander VE, Belle JI, Kingston NL, Herndon JM, Hogg GD, Liu X, et al. Stromal
reprogramming by fak inhibition overcomes radiation resistance to allow for immune
priming and response to checkpoint blockade. Cancer Discov. (2022) 12:2774-99.
doi: 10.1158/2159-8290.CD-22-0192

99. Liu T, Han C, Wang S, Fang P, Ma Z, Xu L, et al. Cancer-associated fibroblasts:
an emerging target of anti-cancer immunotherapy. J Hematol Oncol. (2019) 12:86.
doi: 10.1186/s13045-019-0770-1

Frontiers in Oncology

10

10.3389/fonc.2025.1724278

100. Mai Z, Lin Y, Lin P, Zhao X, Cui L. Modulating extracellular matrix stiffness: A
strategic approach to boost cancer immunotherapy. Cell Death Dis. (2024) 15:307.
doi: 10.1038/s41419-024-06697-4

101. Zhao Y, Sheldon M, Sun Y, Ma L. New insights into yap/taz-tead-mediated
gene regulation and biological processes in cancer. Cancers (Basel). (2023) 15.
doi: 10.3390/cancers15235497

102. Johnson GL, Stuhlmiller TJ, Angus SP, Zawistowski JS, Graves LM. Molecular
pathways: adaptive kinome reprogramming in response to targeted inhibition of the
braf-mek-erk pathway in cancer. Clin Cancer Res. (2014) 20:2516-22. doi: 10.1158/
1078-0432.CCR-13-1081

103. Liu Y, Ding H, Cao J, Liu G, Chen Y, Huang Z. (68)Ga]Ga-fapi pet/ct in brain
tumors: comparison with [(18)F]F-fdg pet/ct. Front Oncol. (2024) 14:1436009.
doi: 10.3389/fonc.2024.1436009

104. Bi WL, Greenwald NF, Abedalthagafi M, Wala J, Gibson WJ, Agarwalla PK,
et al. Genomic landscape of high-grade meningiomas. NPJ Genom Med. (2017) 2.
doi: 10.1038/s41525-017-0014-7

105. Hsieh AL, Bi WL, Ramesh V, Brastianos PK, Plotkin SR. Evolving concepts in
meningioma management in the era of genomics. Cancer. (2024) 130:2586-600.
doi: 10.1002/cncr.35279

106. Jermakowicz AM, Ruiz L, Chu J, Jangde N, Suter RK, Kadan-Lottick N, et al.
In silico drug sensitivity predicts subgroup-specific therapeutics in medulloblastoma
patients. Sci Rep. (2025) 15:42373. doi: 10.1038/5s41598-025-26411-4

107. Welsh JA, Goberdhan DCI, O'Driscoll L, Buzas EI, Blenkiron C, Bussolati B,
et al. Minimal information for studies of extracellular vesicles (Misev2023): from
basic to advanced approaches. J Extracell Vesicles. (2024) 13:e12404. doi: 10.1002/
jev2.12404

108. Szulzewsky F, Arora S, Arakaki AKS, Sievers P, Almiron Bonnin DA, Paddison
PJ, et al. Both yap1-maml2 and constitutively active yap1 drive the formation of tumors
that resemble nf2 mutant meningiomas in mice. Genes Dev. (2022) 36:857-70.
doi: 10.1101/gad.349876.122

109. Murphy MC, Huston J3rd, Glaser KJ, Manduca A, Meyer FB, Lanzino G,
et al. Preoperative assessment of meningioma stiffness using magnetic
resonance elastography. J Neurosurg. (2013) 118:643-8. doi: 10.3171/
2012.9.JNS12519

110. ShiY, Huo Y, Pan C, Qi Y, Yin Z, Ehman RL, et al. Use of magnetic resonance
elastography to gauge meningioma intratumoral consistency and histotype.
NeuroImage Clin. (2022) 36:103173. doi: 10.1016/j.nicl.2022.103173

111. van Dijken BR], van Laar P], Smits M, Dankbaar JW, Enting RH, van der
Hoorn A. Perfusion mri in treatment evaluation of glioblastomas: clinical relevance of
current and future techniques. ] Magn Reson Imaging. (2019) 49:11-22. doi: 10.1002/
jmri.26306

112. Dai Y, Zhang X, Ou Y, Zou L, Zhang D, Yang Q, et al. Anoikis resistance—
protagonists of breast cancer cells survive and metastasize after ecm detachment. Cell
Commun Signal. (2023) 21:190. doi: 10.1186/s12964-023-01183-4

113. Peng K, Zhang F, Wang Y, Sahgal P, Li T, Zhou J, et al. Development of
combination strategies for focal adhesion kinase inhibition in diffuse gastric cancer.
Clin Cancer Res. (2023) 29:197-208. doi: 10.1158/1078-0432.CCR-22-1609

114. Zhang C, Stockwell SR, Elbanna M, Ketteler R, Freeman ], Al-Lazikani B, et al.
Signalling involving met and fak supports cell division independent of the activity of
the cell cycle-regulating cdk4/6 kinases. Oncogene. (2019) 38:5905-20. doi: 10.1038/
541388-019-0850-2

115. Jafarinia H, Khalilimeybodi A, Barrasa-Fano J, Fraley SI, Rangamani P, Carlier
A. Insights gained from computational modeling of yap/taz signaling for cellular
mechanotransduction. NPJ Syst Biol Appl. (2024) 10:90. doi: 10.1038/s41540-024-
00414-9

116. Kalli M, Poskus MD, Stylianopoulos T, Zervantonakis IK. Beyond matrix
stiffness: targeting force-induced cancer drug resistance. Trends Cancer. (2023) 9:937-
54. doi: 10.1016/j.trecan.2023.07.006

117. Lachowski D, Cortes E, Robinson B, Rice A, Rombouts K, Del Rio Hernandez
AE. Fak controls the mechanical activation of yap, a transcriptional regulator required
for durotaxis. FASEB J. (2018) 32:1099-107. doi: 10.1096/£.201700721R

118. Liu F, Wu Q, Dong Z, Liu K. Integrins in cancer: emerging mechanisms and
therapeutic opportunities. Pharmacol Ther. (2023) 247:108458. doi: 10.1016/
j.pharmthera.2023.108458

119. Dekker Y, Le Devedec SE, Danen EHJ, Liu Q. Crosstalk between hypoxia and
extracellular matrix in the tumor microenvironment in breast cancer. Genes (Basel).
(2022) 13. doi: 10.3390/genes13091585

120. Gonzalez-Rodriguez MA, Troutman S, Bayle S, Lester DK, Grove M, Duckett
D, et al. Synergistic effects of combined bet and fak inhibition against vestibular
schwannomas in nf2-related schwannomatosis. Oncogene. (2024) 43:2995-3002.
doi: 10.1038/s41388-024-03144-8

121. Wang JZ, Patil V, Landry AP, Gui C, Ajisebutu A, Liu J, et al. Molecular
classification to refine surgical and radiotherapeutic decision-making in meningioma.
Nat Med. (2024) 30:3173-83. doi: 10.1038/541591-024-03167-4

122. Tu Y, Renfro LA. Latest developments in "Adaptive enrichment" Clinical trial

designs in oncology. Ther Innov Regul Sci. (2024) 58:1201-13. doi: 10.1007/s43441-
024-00698-3

frontiersin.org


https://doi.org/10.1158/1078-0432.CCR-24-2939
https://doi.org/10.3389/fcell.2022.1040311
https://doi.org/10.3390/biom15050658
https://doi.org/10.3390/ijms25189778
https://doi.org/10.1158/1078-0432.CCR-24-1814
https://doi.org/10.1093/neuonc/noae276
https://doi.org/10.1002/jev2.12397
https://doi.org/10.1186/s40478-023-01707-6
https://doi.org/10.3389/fneur.2025.1536751
https://doi.org/10.3390/diagnostics14070748
https://doi.org/10.3390/cancers15215190
https://doi.org/10.3390/cancers15215190
https://doi.org/10.1186/s13014-025-02679-8
https://doi.org/10.1186/s13014-025-02679-8
https://doi.org/10.1093/neuonc/noae242
https://doi.org/10.3390/cancers15112945
https://doi.org/10.1007/s11060-022-04228-9
https://doi.org/10.1038/s41392-023-01501-9
https://doi.org/10.1083/jcb.201501025
https://doi.org/10.1126/scisignal.adc9656
https://doi.org/10.1073/pnas.2021571118
https://doi.org/10.1101/gad.333435.119
https://doi.org/10.1007/s00109-018-1725-7
https://doi.org/10.7554/eLife.48092
https://doi.org/10.1038/nm.4123
https://doi.org/10.1158/2159-8290.CD-22-0192
https://doi.org/10.1186/s13045-019-0770-1
https://doi.org/10.1038/s41419-024-06697-4
https://doi.org/10.3390/cancers15235497
https://doi.org/10.1158/1078-0432.CCR-13-1081
https://doi.org/10.1158/1078-0432.CCR-13-1081
https://doi.org/10.3389/fonc.2024.1436009
https://doi.org/10.1038/s41525-017-0014-7
https://doi.org/10.1002/cncr.35279
https://doi.org/10.1038/s41598-025-26411-4
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1101/gad.349876.122
https://doi.org/10.3171/2012.9.JNS12519
https://doi.org/10.3171/2012.9.JNS12519
https://doi.org/10.1016/j.nicl.2022.103173
https://doi.org/10.1002/jmri.26306
https://doi.org/10.1002/jmri.26306
https://doi.org/10.1186/s12964-023-01183-4
https://doi.org/10.1158/1078-0432.CCR-22-1609
https://doi.org/10.1038/s41388-019-0850-2
https://doi.org/10.1038/s41388-019-0850-2
https://doi.org/10.1038/s41540-024-00414-9
https://doi.org/10.1038/s41540-024-00414-9
https://doi.org/10.1016/j.trecan.2023.07.006
https://doi.org/10.1096/fj.201700721R
https://doi.org/10.1016/j.pharmthera.2023.108458
https://doi.org/10.1016/j.pharmthera.2023.108458
https://doi.org/10.3390/genes13091585
https://doi.org/10.1038/s41388-024-03144-8
https://doi.org/10.1038/s41591-024-03167-4
https://doi.org/10.1007/s43441-024-00698-3
https://doi.org/10.1007/s43441-024-00698-3
https://doi.org/10.3389/fonc.2025.1724278
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Context-specific targeting of focal adhesion kinase in brain tumors: lessons from glioblastoma and neurofibromatosis type 2-mutant meningioma
	1 Introduction
	2 FAK signaling in GBM: presence versus dependency
	2.1 Clinical and mechanistic rationale for FAK inhibition
	2.2 Why FAK failed as a therapeutic target in GBM
	2.3 Combination therapy strategies and pathway co-targeting

	3 FAK as a therapeutic vulnerability in NF2-mutant meningioma
	3.1 Mechanistic basis of FAK dependency through NF2 loss
	3.2 Preclinical validation and biological significance

	4 Clinical evidence: the A071401 trial
	4.1 The A071401 trial as a context-matched model
	4.2 Implications for biomarker-driven therapy development
	4.3 Updated clinical landscape and ongoing trials

	5 Diagnostics and functional tools for therapy selection
	5.1 Genetic and molecular tools for NF2 detection
	5.2 Dynamic and surrogate biomarkers for FAK activity
	5.3 Digital and AI-based pathology approaches

	6 Combination therapies to enhance FAK inhibition
	6.1 Mechanistic rationale for combination strategies
	6.2 Opportunities and challenges for clinical translation

	7 Discussion
	7.1 Context-driven target prioritization in neuro-oncology
	7.2 Outstanding barriers to clinical implementation
	7.3 Strategies to overcome translational barriers

	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


