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The complexity of CRISPR-Cas9 applications in GBM research is highlighted, providing unique insights into

apoptosis, cell proliferation, and immune responses within the tumor microenvironment. The studies challenge

conventional perspectives on specific genes, emphasizing the potential therapeutic implications of manipulating

key molecular players in cell cycle dynamics. Exploring CRISPR/Cas9 gene therapy in GBMs yields significant

insights into the regulation of cellular processes, spanning cell interphase, renewal, and migration. Researchers, by

precisely targeting specific genes, uncover the molecular orchestration governing cell proliferation, growth, and

differentiation during critical phases of the cell cycle. The findings underscore the potential of CRISPR/Cas9

technology in unraveling the complex dynamics of the GBM microenvironment, offering promising avenues for

targeted therapies to curb GBM growth. 
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1. Introduction

Glioblastoma (GBM) stands out as the predominant and highly aggressive primary brain tumor among adults,

constituting approximately 45.2% of all tumors affecting the brain and central nervous system (CNS) . This

neoplasm is categorized as a grade IV diffuse astrocytic glioma, distinguished by its elevated cellular density,

nuclear abnormalities, microvascular proliferation, necrosis, and invasive characteristics. The molecular features

defining GBM encompass mutations in the telomerase reverse transcriptase (TERT) promoter, amplification of the

epidermal growth factor receptor (EGFR) gene, and variations in chromosome copy numbers (+7/−10) . Notably,

GBM exhibits marked heterogeneity, both in its histological and molecular aspects, contributing significantly to its

resistance to therapeutic interventions and dismal prognosis .

Primary and secondary GBMs represent discrete disease entities distinguished by disparate genetic pathways,

patient demographics, and prognostic outcomes. Primary GBMs arise de novo in older individuals, marked by the

upregulation of the epidermal growth factor receptor (EGFR) gene, mutations in the phosphatase and tensin

homolog (PTEN), deletions in the cyclin-dependent kinase inhibitor 2A (CDKN2A) gene, and, occasionally,

amplification of the mouse double minute 2 homolog (MDM2) gene . On the other hand, secondary GBMs

emerge from low-grade or anaplastic astrocytomas, typically occurring in younger patients. They are notably

characterized by mutations in the TP53 gene, serving as the earliest detectable genetic alteration. In summary,

primary and secondary GBMs are distinct subtypes within the spectrum of GBM, exhibiting contrasting genetic and

clinical characteristics .
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The prevailing standard of care for newly diagnosed GBM involves extensive surgical resection, followed by

concurrent chemoradiation employing temozolomide, and subsequent adjuvant temozolomide chemotherapy .

Despite the aggressiveness of this therapeutic regimen, its impact on improving survival outcomes is only marginal

. Consequently, there exists a compelling demand for novel and efficacious therapeutic approaches for GBM. The

past two decades have witnessed a heightened interest in the exploration of targeted agents and immunotherapies

for GBM, as reported by Begagić et al. . Regrettably, these endeavors have not yielded a substantive influence

on patient survival. GBM remains an incurable affliction, and its management continues to pose one of the most

formidable challenges in the realm of neuro-oncology . Furthermore, there is an imperative to formulate

therapeutic strategies that are both more potent and less toxic, specifically tailored to address the unique biological

characteristics of GBM .

As previously mentioned, the presence of genetic mutations, including chromosomal changes such as the loss of

chromosomes 10 and 9p, and the gain of chromosomes 7 and 19, suggests the potential utility of gene-oriented

therapy as an option in the treatment of GBM . One such approach that has garnered significant interest in the

last decade across various medical conditions is the Clustered Regularly Interspaced Short Palindromic Repeat

CRISPR-associated (Cas) nuclease 9 (CRISPR-Cas9) system , which facilitates gene editing technology .

CRISPR is recognized as the fastest, cheapest, most versatile, and most reliable gene editing tool available,

extensively employed for uncovering genetic alterations, oncogenic targets, and epigenetic regulation. CRISPR-

Cas9 stands out as the preferred choice for editing genes or genomes in various cancers, including GBM 

. Considering the current trend in medical research towards more accessible treatments for diverse pathologies

, with an aim for broader applicability and treatment options in low- and middle-income countries , the

potential for gene editing using this method has emerged, even in cases of GBM. There are evident studies

employing this method for treating GBM, although the data are dispersed across individual studies.

2. CRISPR/Cas9-Mediated GBM Therapy

Distinctive genetic polymorphisms, ionizing radiation exposure, and the impact of chemical carcinogens on brain

cells are among the key pathogenic factors driving the development of GBM . Current research is honing in on

the promising potential of CRISPR/Cas9 as a cutting-edge gene-editing technology in the realm of immunotherapy

for GBM. This innovation is gaining traction in various studies and holds the promise of evolving into a pivotal tool

for advancing gene research and engineering strategies in glioma therapy .

2.1. Targeting Specific Genetic Mutations in GBM

Previous research has not provided a clear classification of precise gene therapy for GBM. Based on the study by

Begagić et al. , it is observed that the main focuses in GBM therapy are the protein kinase pathway, cell-cycle-

related mechanisms, and microenvironmental and immunomodulatory targets. In the realm of CRISPR/Cas9 gene

editing for GBM, researchers categorizes specific gene targets into distinct groups, namely: cell cycle regulation,

regulation related to the microenvironment, regulation during cell interphase, and targets related to therapy

resistance reduction.
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2.1.1. Cell Cycle Regulation

The cell cycle, a meticulously regulated and intricately orchestrated biological process, stands as a fundamental

mechanism governing the growth, development, and maintenance of living organisms . Comprising a series of

precisely coordinated events leading to cell division, the cell cycle ensures the accurate transmission of genetic

information from one generation of cells to the next. In instances where genetic mutations precede this

transmission, the altered information is passed on to progeny cells through the process of cell division. This

paradigm is particularly relevant to GBM, as disruptions in the cell cycle regulation, stemming from genetic

alterations, contribute to the excessive division and proliferation of neoplastic GBM tissue.

Given the strict control exerted by genes over the cell cycle, alterations in these genes lead to dysregulation of cell

cycle control mechanisms, fostering uncontrolled division and proliferation of neoplastic GBM cells. Several

mutations associated with GBM malignancy have been identified, including those affecting genes such as

Epidermal Growth Factor Receptor (EGFR), Erb-B2 Receptor Tyrosine Kinase 2 (ERBB2), Isocitrate

Dehydrogenase 1 (IDH1), Neurofibromin 1 (NF1), Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic

Subunit Alpha (PIK3CA), Phosphoinositide-3-Kinase Regulatory Subunit 1 (PIK3R1), and Phosphatase and Tensin

Homolog (PTEN), among others. The application of CRISPR/Cas9 technology seeks to intervene in the cell cycle

of neoplastic cells, aiming to induce apoptosis or autophagy in these aberrant cells, as can be seen in Figure 1.

Figure 1. Representation of the CRISPR/Cas9 precise gene editing process. Normal cells refer to cells before

neoplastic changes in GBM, followed by gene editing of the target gene to halt the proliferation of malignant cells,

slow down the expression of the target gene (knockdown), or completely halt it (knockout).

The promotion of apoptosis and autophagy through CRISPR-Cas9 technology has been substantiated through

research conducted on GBM cellular lines and in vitro models. Various target genes have been investigated in this

context, including Podoplanin (PDPN), C14orf166 (C14-IP-3), Insulin-Like Growth Factor Binding Protein 3 and 5

(IGFBP3 and IGFBP5), Endoplasmic Reticulum To Nucleus Signaling 1 (ERN1), Activating Transcription Factor 4

(ATF4), Autophagy Related 5 (ATG5), Chromatin Assembly Factor 1 Subunit A (CHAF1A), FAT Atypical Cadherin 1
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(FAT1), Cytokine-Inducible SH2-Containing Protein (CIS), Autophagy Related 7 (ATG7), and PIN1 (Peptidylprolyl

Isomerase NIMA-Interacting 1).

In the context of CRISPR-Cas9 technology, it is essential to distinguish between knockout, knockdown, and knock-

in strategies. While knockout involves the complete elimination of a targeted gene, exemplified by the knockout of

the FAT1 gene in GBM cells to enhance susceptibility to apoptosis, knockdown selectively reduces the expression

of a gene, as demonstrated in the PDPN gene knockdown study, aiming to modulate apoptosis and cell

proliferation.

Wang et al.  employed a knockdown strategy targeting the PDPN gene to intricately modulate apoptosis and cell

proliferation. This approach specifically focused on manipulating PDPN surface-membrane cell molecules. The

presence of mutations in PDPN aligns with the malignancy, aggressiveness, and invasiveness of GBM. The

identified association between PDPN overexpression and the facilitation of macrophage M2 polarization and

neutrophil degranulation underscores the immunomodulatory impact of PDPN within the tumor microenvironment.

The observed shift towards M2 polarization of macrophages and the induction of neutrophil degranulation

collectively indicate a coordinated effort by PDPN to establish an environment conducive to immune evasion and

tumor progression . This nuanced insight challenges conventional perspectives on PDPN, positioning it as a

pivotal orchestrator in shaping an immunosuppressive milieu specifically within IDH wildtype gliomas. These

findings highlight the complex and multifaceted role of PDPN in influencing not only the cellular aspects of

apoptosis and proliferation but also the intricate immunological dynamics within the tumor microenvironment.

Employing a strategy that initiated apoptosis through the Unfolded Protein Response (UPR) mechanism, IGFBP3

and IGFBP5 were targeted for knockout, shedding light on their influence on cell cycle dynamics . Further

insights were contributed by investigating ATG5 knockout, revealing its dual impact on apoptosis and autophagy

and providing understanding within the framework of cell cycle processes associated with GBM . Also, CHAF1A

was subjected to CRISPR-Cas9 knockout, dissecting its consequences on the AKT/FOXO3a/Bim pathway and

influencing proliferation and DNA repair mechanisms integral to cell cycle regulation . Targeting the FAT1 gene

for knockout revealed its active involvement in apoptosis through the Death-Inducing Signaling Complex (DISC),

contributing valuable insights into the understanding of key molecular players that impact the cell cycle during GBM

progression . Shifting the focus to the CIS gene, investigations aimed to unravel its role in NK-cell activation and

apoptosis, establishing a link between immune responses and the intricate molecular mechanisms that influence

the cell cycle . Furthermore, examinations delved into the consequences of knockout for ATG5 and ATG7 on the

autophagosome membrane . This shed light on the potential significance of autophagy in regulating the cell

cycle in the context of GBM. PIN1, targeted for knockout, offered a comprehensive exploration of its multifaceted

role in influencing the cell cycle within GBM development, encompassing aspects of apoptosis, migration, and cell

cycle progression. The knockout study involving ATM, PTEN, p85α, and XIAP genes uncovered their roles as

tumor suppressors, advancing researchers' comprehension of the intricate regulatory mechanisms that govern the

cell cycle in GBM . Further investigations focused on RGS4 knockout explored its impact on apoptosis through

G protein signaling, expanding the repertoire of molecular targets with potential therapeutic implications in the

context of cell cycle regulation. Lastly, the exploration of GLI1’s involvement in apoptosis through the PI3K/Akt
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pathway contributed to the elucidation of critical signaling pathways that influence the cell cycle in the

pathophysiology of GBM .

In summary, the intricate landscape of CRISPR-Cas9 applications in GBM research unveils a spectrum of gene

manipulation strategies, each offering unique insights into the regulation of apoptosis, cell proliferation, and

immune responses within the tumor microenvironment. From knockout endeavors targeting genes such as FAT1,

ATM, PTEN, and GLI1 to deciphering the roles of PDPN, IGFBP3, and CHAF1A through knockdown and knock-in

approaches, the studies presented here collectively broaden researchers' understanding of the complex molecular

orchestration shaping GBM progression. These findings not only challenge conventional perspectives on specific

genes but also underscore the potential therapeutic implications of manipulating key molecular players in the

intricate web of cell cycle dynamics. As the field continues to unravel the complexities of CRISPR-Cas9 technology

in the context of GBM, these insights hold promise for advancing targeted therapeutic interventions and refining

researchers' approach to combating this formidable malignancy.

2.1.2. Cell-Interphase-Related Targets

Exploring the realm of CRISPR/Cas9 gene therapy in the context of GBMs, researchers have delved into a diverse

array of cell-interphase-related targets to unravel the intricacies of gene regulation during critical phases of the cell

cycle. The focus on cell interphase, the period between cell divisions encompassing G1, S, and G2 phases, is

crucial in understanding the dynamics of GBM progression and identifying potential therapeutic avenues .

In recent studies, various genes have been targeted using CRISPR-Cas9 gene editing technology to elucidate their

roles in cell proliferation and related functions. Fierro et al.  focused on PD-L1, employing a knockout strategy to

investigate its impact on proliferation, invasion, and macrophage polarization. Lumibao et al.  targeted CHCHD2,

aiming for knockout to understand its influence on mitochondrial respiration, glutathione status, and cell growth

inhibition, particularly in the context of EGFRvIII. Toledano et al.  explored Plexin-A2 through knockout, shedding

light on its involvement in cytoskeletal organization, cell flattening, and cell cycle arrest, with a focus on β-

galactosidase, MAPK, and FARP2. Gallo et al.  delved into the knockout of 14-3-3β, unraveling its effects on

proliferation, spheroid formation, and interactions with Bad, FBI1, Raf-1, and Cdc25b. Additionally, Meng et al. 

investigated CDK7, employing a knockout strategy to understand its role in cellular growth. Guda et al.  targeted

RGS4 for knockout, exploring its influence on MMP2 and proliferation. Zhang et al.  utilized a knockdown

strategy for Nanos3, examining its effects on CD133, Oct4, and its implications for proliferation, migration, and

chemoresistance. Godoy et al.  employed knockdown of NRF2, investigating its role in self-renewal and cell

proliferation, particularly in relation to SOD. Zhang et al.  focused on Dazl, utilizing knockout to study its

involvement in the CD133/Oct4/Nanog/Sox2 regulatory axis and its impact on proliferation. Lastly, Liu et al. 

explored ERβ through knockout, elucidating its effects on proliferation and apoptosis by targeting ERβ1, ERβ2,

ERβ3, ERβ4, ERβ5 (exon 8), mTOR, and STAT-3.

Cell renewal studies employing CRISPR/Cas9 technology have investigated specific genes and their roles in

regulating crucial aspects of this process. In the work by Bulstrode et al. , the focus was on Foxo3, utilizing a
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knockdown approach to assess its impact on differentiation. Specifically, the study targeted FOXG1, SOX2, EGFR,

and EGFRvIII in order to delineate their involvement in cell renewal pathways. Saenz-Antonanzas et al. 

explored the role of SRR2 through deletion, aiming to understand its influence on self-renewal capacity with a

particular emphasis on SOX2. Additionally, Song et al. (2019) investigated SRSF3 using knockout techniques,

unraveling its significance in glioma-associated alternative splicing processes involving SR proteins.

Studies targeting cell migration through CRISPR/Cas9 technology have provided valuable insights into the

molecular underpinnings of this crucial cellular process. Ogawa et al.  focused on TP53, employing

recombination techniques to explore its influence on migration. Smolkin et al.  investigated NRP2, Plexin-A4,

Plexin-D1, and Semaphorin-3C through knockout strategies, shedding light on their roles in regulating migration

processes. Prolo et al.  delved into MAP4K4 using knockout, elucidating its impact on both migration and

invasion. Wang et al.  explored the knockout of BRG1, revealing its involvement in migration, proliferation, and

resistance to TMZ. Shao et al.  targeted PIK3CD along with PAK3 and PLEK2 for knockout, unraveling their

roles in migration and invasion. Chen et al.  investigated THBS1 and TNF through knockout, shedding light on

their contributions to proliferation and migration. Ozyerli-Gokna et al.  focused on ASH2L and SET1/MLL,

employing knockout to understand their roles in both proliferation and migration. Nieland et al.  targeted miR21

and SOX2 through knockout, providing insights into their contributions to migration, invasion, and proliferation.

Lastly, Uceda-Castro et al.  investigated GFAP, GFAPα, and GFAPδ through knockout, revealing their

involvement in invasion processes.

In summary, the comprehensive exploration of CRISPR/Cas9 gene therapy in the intricate landscape of GBMs has

yielded significant insights into the regulation of crucial cellular processes, spanning cell interphase, renewal, and

migration. Through precise targeting of specific genes, researchers have unraveled the complex molecular

orchestration governing cell proliferation, growth, and differentiation during critical phases of the cell cycle. The

investigations into cell renewal shed light on the roles of Foxo3, SRR2, and SRSF3 in influencing self-renewal

capacity and alternative splicing processes. Furthermore, studies elucidating the molecular underpinnings of cell

migration, targeting genes such as TP53, NRP2, MAP4K4, BRG1, PIK3CD, THBS1, PD-L1, ASH2L, SET1/MLL,

miR21, SOX2, and GFAP, have provided valuable insights into the regulation of migration, invasion, and

proliferation in the context of GBMs.

2.1.3. Microenvironmental CRISPR/Cas9 Targets in GBM Cells

In the realm of GBM research, the intricate modulation of the tumor microenvironment, particularly in the context of

angiogenesis, has become a focal point for therapeutic interventions. The study by Han et al.  targeted the

Notch1 gene, employing a knockdown strategy to address hypoxia, angiogenesis, and tumor growth. Notch1 is

known for its involvement in diverse cellular processes, and its modulation in the study aimed at disrupting key

pathways associated with angiogenesis, a hallmark feature of GBM progression. By utilizing CRISPR/Cas9

technology to downregulate Notch1 expression, the study sought to unravel the intricate interplay between hypoxia,

angiogenesis, and the overall growth dynamics of GBM malignant cells. Eisemann et al.  delved into the role of

PDPN, employing a knockout strategy to investigate its influence on the maturation and integrity of the developing
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vasculature in the murine brain. PDPN, when interacting with C-type lectin-like receptor 2 on platelets, has been

implicated in mediating vascular development. By utilizing CRISPR/Cas9 to knockout PDPN, the study aimed to

disrupt the finely tuned mechanisms governing vasculature maturation, potentially impeding the vascular support

crucial for GBM growth and progression. The targeted gene PDPN serves as a molecular focal point, shedding

light on its intricate involvement in orchestrating the vascular microenvironment within the context of GBM.

Szymura et al.  explored the role of DDX39B in regulating the extracellular extracellular matrix (ECM) and

promoting angiogenesis through the NF-κB pathway. By employing a knockdown strategy, the study aimed to

decipher the contributions of DDX39B in modulating the complex network of signals involved in angiogenesis and

ECM regulation. The NF-κB pathway, known for its involvement in various cellular processes, including

inflammation and angiogenesis, was specifically targeted to understand its role in the GBM microenvironment. The

study adds depth to our understanding of how specific genes can be manipulated to influence the intricate balance

of proangiogenic factors in the context of GBM. Continuing the exploration of angiogenesis-related genes, Lu et al.

 investigated the genes BIG1 and BIG2, targeting VEGF through a knockdown approach in 2019. VEGF is a key

player in angiogenesis, promoting the formation of new blood vessels to sustain tumor growth. By employing

CRISPR/Cas9 to knock down BIG1 and BIG2 and subsequently reduce VEGF levels, the study aimed to disrupt

the angiogenic signals that contribute to the vascularization of GBM tumors. The modulation of these specific

genes provides insights into the intricate regulatory mechanisms underlying angiogenesis and presents potential

avenues for therapeutic interventions aimed at curbing the growth and progression of GBM through

microenvironmental control (Figure 2).

Figure 2. CRISPR/Cas9-related targets within the microenvironment. Angiogenesis is attenuated or entirely halted

through the reduction (marked as ↓) in VEGF (Vascular Endothelial Growth Factor) and its receptor (VEGFR), as

well as PDPN and NF-kB. CRISPR/Cas9 technology has effectively directed an inflammatory response against

GBM cells in in vitro models, activating Natural Killer Cells (NKC) and increasing IL-1 and IL-18 (marked as ↑),

inducing pyroptosis in the cells. Inhibiting (marked as X) the actions of M2 macrophages has proven effective in the

immune regulation of GBM.
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Nakazawa et al.  investigated the CIS gene, employing CRISPR/Cas9 knockout to enhance the effects of

Natural Killer Cells (NKCs) and bolster the inflammatory response against GBM. Similarly, Wei et al.  targeted

the OPN gene for knockout, resulting in the reduction in M2 macrophages and a concurrent elevation in T-

lymphocyte effector activity, thereby influencing the inflammatory landscape within the tumor microenvironment.

Additionally, Chen et al.  utilized CRISPR/Cas9 knockdown to modulate the AIM2 gene, leading to a

downregulation of interleukins IL-1β and IL-18 and inducing pyroptosis, an inflammatory programmed cell death.

In summary, the collective findings from these studies underscore the potential role of CRISPR/Cas9 technology in

unraveling the complex dynamics of the GBM microenvironment. Through precise manipulation of key genes

involved in angiogenesis, such as Notch1, PDPN, DDX39B, and VEGF-related genes (BIG1 and BIG2),

researchers have gained insights into the molecular intricacies governing vascularization, providing potential

targets for therapeutic intervention. By targeting genes like CIS, OPN, and AIM2, these studies leverage

CRISPR/Cas9 to enhance Natural Killer Cell effects, modulate M2 macrophages, and induce pyroptosis,

collectively contributing to the immune regulation of GBM. The versatility of CRISPR/Cas9 gene editing in

manipulating these microenvironment-related targets presents promising avenues for developing targeted

therapies to curb the growth and progression of GBM, showcasing its potential as a transformative tool in the quest

for effective GBM treatments.

2.2. Contribution of CRISPR/Cas9 Technology in Alleviating Therapy Resistance of
GBM

In the study by Wu et al. , the ALDH1A3 gene was targeted for knockdown, focusing on ALDHs to mitigate

resistance to temozolomide (TMZ), a common chemotherapy agent. Similarly, Han et al.  in 2023 employed

knockdown targeting the MGMT gene, specifically addressing TMZ resistance. Tong et al. , also in 2023, utilized

knockdown techniques targeting the MUC1 gene, associated with EGFRvIII, to overcome TMZ resistance. Liu et al.

 focused on the GSS gene, employing knockout to address radiotherapy resistance, particularly in the context of

Angiopep-2. Rocha et al. , in 2020, targeted multiple genes, including MSH2, PTCH2, CLCA2, FZD6, CTNNB1,

and NRF2, focusing on transmembrane proteins to counter TMZ resistance through CRISPR/Cas9 knockout.

Lastly, Yin et al.  targeted the HPRT1 gene for knockout, with a focus on AMPK, aiming to alleviate TMZ

resistance.

CRISPR/Cas9 gene editing has proven successful in addressing treatment resistance in GBM. Wu et al. 

targeted ALDH1A3, achieving a significant impact on TMZ resistance, particularly at dosages ≤300 μM. Han et al.

 successfully used knockdown of MGMT to sensitize GBM cells to TMZ treatment. Additionally, Tong et al. 

demonstrated success by targeting MUC1 with knockdown, revealing its role in DNA damage repair during

chemotherapy and radiation.

However, not all interventions yielded successful outcomes. Rocha et al.  targeted MSH2, PTCH2, CLCA2,

FZD6, CTNNB1, and NRF2 for TMZ resistance through knockout, but silencing the top three genes did not

sensitize GBM cells to TMZ.
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