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ABSTRACT

This research investigates the possibility of CRISPR-Cas9 gene editing in targeting
glioblastoma multiforme (GBM) cancer stem cells (CSCs) for increasing CSC sensitivity
to conventional treatments and suppressing tumor growth. A quantitative method was used,
with a sample of 36 GBM patients diagnosed and treated at major tertiary care centers in
Pakistan, namely Aga Khan University Hospital (Karachi), Shaukat Khanum Memorial
Cancer Hospital (Lahore), and Pakistan Institute of Medical Sciences (Islamabad). Tumor
tissue samples were obtained at the time of surgical resection and processed to harvest
CSCs based on certain markers like CD133 and Nestin using fluorescence-activated cell
sorting (FACS). The CRISPR-Cas9 gene editing was subsequently conducted on isolated
CSCs to knock out genes of interest involved in stemness and therapy resistance, such as
SOX2, MGMT, and Wnt/B-catenin. The efficacy of CRISPR-Cas9 gene editing was
evaluated by pre- and post-CRISPR tumor growth rates, proliferation assays in vitro, and
neurosphere formation. Multiple regression analysis showed that CRISPR-Cas9 gene
editing greatly enhanced therapy sensitivity (B = 1.427, p = 0.000), with pre-CRISPR
tumor growth rate (B =-0.512, p = 0.009) and initial tumor size (B = -0.312, p = 0.040)
having a negative correlation with the efficacy of treatment. Moreover, increased MGMT
expression (B =-0.312, p = 0.050) was related to decreased therapy sensitivity. ANOVA
test showed significant variability among the efficacies of different delivery methods for
CRISPR-Cas9, including viral vectors, nanoparticles, and electroporation (F = 4.56, p =
0.008), and pointed towards optimizing the delivery strategies to achieve efficient gene
editing. CRISPR-Cas9 shows promise for GBM treatment, but delivery issues and off-
target effects need resolution to enable future clinical applications.
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most malignant
and deadly primary brain tumor, with high
heterogeneity, invasive growth, and resistance to
standard treatments like surgery, radiation, and
chemotherapy [1]. Even with advancements in oncology,
the outlook for GBM patients is bleak, with a median
survival of about 12—-15 months after diagnosis [2]. One
of the main explanations for the negative therapeutic
results is the existence of a subpopulation of cells called
cancer stem cells (CSCs). The cells possess self-renewal
properties, pluripotency, and drug resistance, making
them a key force behind recurrence and advancement of
the tumor [3]. The aim at CSCs has therefore arisen as
an appealing approach to enhance the effectiveness of
GBM therapies.
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The discovery of CRISPR-Cas9 gene-editing
technology has transformed the discipline of molecular
biology and oncology. CRISPR-Cas9, which is based on
a bacterial adaptive immune system, provides for
accurate, efficient, and targeted genome modifications.
The technology makes it possible for scientists to knock
out, knock in, or edit certain genes involved in
tumorigenesis, drug resistance, and stemness in CSCs
[4]. In the case of GBM, CRISPR-Cas9 presents a strong
tool to unravel the molecular processes that support CSC
survival and to design new therapeutic approaches to
eliminate these drug-resistant cells.

Recent studies have identified several key genes and
signaling pathways that play pivotal roles in the survival
and proliferation of GBM CSCs. These include genes
involved in the Wnt/B-catenin, Notch, and Hedgehog
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pathways, as well as genes regulating epithelial-
mesenchymal transition (EMT) and DNA repair
mechanisms [5]. By leveraging CRISPR-Cas9,
researchers can selectively target these genes to disrupt
CSC function and sensitize them to existing therapies.
For instance, knocking out the SOX2 gene, a master
regulator of stemness, has been shown to reduce the
tumorigenic potential of GBM CSCs in preclinical
models [6]. Similarly, targeting the MGMT gene, which
confers resistance to temozolomide (the standard
chemotherapeutic agent for GBM), has demonstrated
enhanced therapeutic efficacy in vitro and in vivo [7].

Despite its immense potential, the application of
CRISPR-Cas9 in GBM therapy faces several challenges.
These include the delivery of CRISPR components to the
brain, off-target effects, and the potential for immune
responses against the Cas9 protein [8]. Additionally, the
heterogeneity of GBM and the dynamic nature of CSCs
necessitate the development of personalized and
combinatorial approaches to maximize therapeutic
outcomes. Advances in nanoparticle-based delivery
systems and the development of high-fidelity Cas9
variants are being explored to address these limitations

[9].

Glioblastoma Multiforme

Glioblastoma multiforme (GBM) is the most aggressive
and deadly primary brain tumor, representing about 48%
of all malignant brain tumors [10]. Its distinguishing
characteristics are the quick growth rate, wide-ranging
invasion into neighboring brain tissue, and resistance to
traditional treatments like surgery, radiation, and
chemotherapy [11]. In spite of more than three decades
of studies, the outcome for GBM patients is not
encouraging, with a median survival rate of merely 12—
15 months following diagnosis [8]. This dismal outcome
is largely attributed to the tumor's heterogeneity and the
presence of a subpopulation of cells known as cancer
stem cells (CSCs), which are responsible for tumor
initiation, progression, and recurrence [2].

Cancer Stem Cells: The Architects of Treatment
Resistance

Cancer stem cells (CSCs) are a small but pivotal
population of tumor cells that have stem-like
characteristics, such as self-renewal, pluripotency, and
resistance to traditional treatments [12]. CSCs in GBM
are thought to occupy specific niches in the tumor
microenvironment, where they are shielded from
immune detection and promote tumor expansion [13].
These cells are also responsible for the development of
therapeutic resistance because they have better DNA
repair machinery, increased drug efflux pumps, and can
become quiescent, making them immune to conventional
therapies [14]. Targeting CSCs has thus been a potential
strategy to enhance the effectiveness of GBM therapies
and avoid recurrence.
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CRISPR-Cas9: A Revolutionary Tool for Precision
Gene Editing

The CRISPR-Cas9 system, derived from the adaptive
immune system of bacteria, has revolutionized the field
of molecular biology by enabling precise, efficient, and
targeted modifications of the genome [15]. This
technology utilizes a guide RNA (gRNA) to direct the
Cas9 endonuclease to specific DNA sequences, where it
introduces double-strand breaks that can be repaired
through non-homologous end joining (NHEJ) or
homology-directed repair (HDR) [16]. In the context of
cancer research, CRISPR-Cas9 has been widely
employed to study gene function, model diseases, and
develop novel therapeutic strategies [17]. Its application
in targeting CSCs in GBM holds immense potential for
advancing our understanding of tumor biology and
improving patient outcomes.

Key Genes and Pathways in GBM Cancer Stem Cells
Recent studies have identified several genes and
signaling pathways that play pivotal roles in the
maintenance and function of GBM CSCs. These include
the Wnt/B-catenin, Notch, and Hedgehog pathways,

which  regulate  stemness,  proliferation, and
differentiation  [18].  Additionally, genes such
as SOX2, OCT4, and NANOG are critical for
maintaining the pluripotency and  self-renewal

capabilities of CSCs [19]. Other targets of interest
include the MGMT gene, which confers resistance to the
chemotherapeutic agent temozolomide, and genes
involved in epithelial-mesenchymal transition (EMT),
which promote invasion and metastasis [20]. By
leveraging CRISPR-Cas9, researchers can selectively
disrupt these genes to impair CSC function and sensitize
them to existing therapies.

Applications of CRISPR-Cas9 in Targeting GBM
CSCs

CRISPR-Cas9 has been successfully employed in
preclinical studies to target GBM CSCs and disrupt their
tumorigenic potential. For instance, knockout of
the SOX2 gene using CRISPR-Cas9 has been shown to
reduce the self-renewal and tumor-initiating capacity of
GBM CSCsin vitro and in vivo [21]. Similarly, targeting
the MGMT gene has enhanced the sensitivity of GBM
cells to temozolomide, leading to improved therapeutic
outcomes [22]. Furthermore, CRISPR-Cas9 has been
used to model GBM and study the functional
consequences of specific genetic alterations, providing
valuable insights into the molecular mechanisms
underlying CSC biology [23].

Research Objectives
The main research objectives of the study are;

1. To identify and validate key genes and pathways
in GBM CSCs using CRISPR-Cas9 gene editing.
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2. To assess the impact of CRISPR-Cas9 on
enhancing GBM CSC sensitivity to standard
therapies.

3. To analyze challenges in CRISPR-Cas9 delivery
and specificity for GBM CSCs and propose
solutions.

Problem Statement

Glioblastoma multiform (GBM) is still one of the most
malignant and treatment-refractory brain tumors, with
unfavorable patient prognosis because of the existence
of cancer stem cells (CSCs) that cause tumor recurrence,
invasion, and therapy resistance. Traditional therapies,
including surgery, radiation, and chemotherapy, are
frequently unable to eliminate CSCs, which have self-
renewal properties, increased DNA repair activity, and
resistance to apoptosis. The CRISPR-Cas9 gene-editing
system provides a hopeful strategy to knock out and
target essential genes and pathways involved in CSC
maintenance and therapy resistance. Nevertheless,
challenges including effective delivery to the brain, off-
target effects, and dynamic heterogeneity of GBM CSCs
are obstacles to its clinical use. This research seeks to
overcome these limitations by investigating the utility of
CRISPR-Cas9 in specifically targeting GBM CSCs,
improving the efficacy of therapy, and in breaking
resistance mechanisms so as to enhance the outcome of
treatment for GBM patients

Significance of the Study

The importance of this research is that it has the potential
to transform the treatment of glioblastoma multiforme
(GBM) by using CRISPR-Cas9 gene-editing technology
to selectively target cancer stem cells (CSCs), the main
cause of tumor recurrence, therapy resistance, and poor
patient survival. By targeting and interfering with the
important genes and pathways critical to CSC survival
and drug resistance, this study seeks to establish a new
therapeutic approach that increases the effectiveness of
current therapies, including chemotherapy and radiation.
In addition, overcoming obstacles such as delivery
efficiency, off-target effects, and tumor heterogeneity
will be pivotal in maximizing the application of
CRISPR-Cas9 for clinical use. This research could not
only further our current knowledge of GBM biology but
also lead to more efficient, tailored therapies and
ultimately better survival rates and quality of life for
GBM patients.

LITERATURE REVIEW

Glioblastoma Multiforme and Cancer Stem Cells
Glioblastoma multiforme (GBM) is the most malignant
and fatal primary brain cancer, known for its extreme
heterogeneity, invasiveness, and refractoriness to
standard treatments like surgery, radiation, and
chemotherapy [24]. Despite extensive studies spanning
decades, GBM patients have a poor prognosis with a
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median survival of only 12-15 months after diagnosis
[25]. One of the significant causes of such a dismal
prognosis is the co-existence of cancer stem cells
(CSCs), which is a group of tumor cells that possesses
stem cell-like properties, such as self-renewal,
pluripotency, and chemotherapy resistance [26]. CSCs
are thought to be responsible for initiating, sustaining,
and recurrening the tumors, rendering them an essential
therapeutic target [27]. Research has revealed that GBM
CSCs occupy specialized niches in the tumor
microenvironment where they escape immune
surveillance and perpetuate tumor development by
interacting with stromal cells and extracellular matrix
components [28].

Glioblastoma multiforme (GBM) is the most
malignant and deadly primary brain tumor, and it
constitutes around 48% of all primary malignant brain
tumors [29]. Its characteristics include aggressive
growth, wide spread in the adjacent brain tissue, and
resistance to traditional treatments like surgery,
radiation, and chemotherapy [30]. In spite of several
decades of research and improvement in treatment
modalities, the prognosis for GBM patients is still bleak,
with a median survival of merely 12-15 months after
diagnosis. This bleak prognosis is primarily due to the
tumor's inherent heterogeneity and the existence of a
subpopulation of cells called cancer stem cells (CSCs),
which are accountable for tumor initiation, growth, and
recurrence [31].

CSCs, first identified in leukemia and later in solid
tumors, including GBM, exhibit stem-like properties
such as self-renewal, pluripotency, and resistance to
therapy [32]. In GBM, CSCs are believed to reside in
specialized niches within the tumor microenvironment,
where they interact with stromal cells, extracellular
matrix components, and signaling molecules to maintain
their stemness and evade immune surveillance [33].
These niches provide a protective environment that
shields CSCs from therapeutic interventions, allowing
them to survive and repopulate the tumor after treatment.
For example, studies have shown that GBM CSCs
express high levels of ATP-binding cassette (ABC)
transporters, which actively efflux chemotherapeutic
agents, rendering them resistant to drugs like
temozolomide [34].

The role of CSCs in GBM progression and therapy
resistance has been extensively studied. Were among the
first to isolate and characterize CSCs from GBM tumors,
demonstrating their ability to form neurospheres in vitro
and initiate tumors in vivo [35]. Subsequent research has
identified several key markers associated with GBM
CSCs, including CD133, Nestin, and SOX2, which are
used to isolate and study these cells. For instance,
CD133+ GBM cells have been shown to exhibit higher
tumorigenic potential and resistance to radiation
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compared to CD133- cells, highlighting their critical role
in tumor recurrence [36].

The molecular mechanisms underlying CSC
maintenance and therapy resistance in GBM have also
been explored. Signaling pathways such as Wnt/p-
catenin, Notch, and Hedgehog, which are essential for
normal stem cell function, are frequently dysregulated in
GBM CSCs [37]. For example, activation of the Wnt/f-
catenin pathway has been shown to promote self-renewal
and survival of GBM CSCs, while inhibition of this
pathway reduces their tumorigenic potential. Similarly,
the Notch pathway has been implicated in maintaining
the stemness and chemoresistance of GBM CSCs,
making it a potential therapeutic target [38].

In addition to signaling pathways, epigenetic
modifications and metabolic reprogramming have been
shown to play a critical role in CSC biology. GBM CSCs
exhibit distinct metabolic profiles, with a preference for
glycolysis and oxidative phosphorylation, which support
their survival under hypoxic conditions commonly found
in the tumor microenvironment. Epigenetic regulators
such as EZH2 and BMI1 have also been implicated in
maintaining the stemness and therapeutic resistance of
GBM CSCs, providing additional targets for
intervention [39].

Mechanisms of Therapy Resistance in GBM CSCs
Therapeutic resistance in GBM CSCs is governed by
several mechanisms, such as increased DNA repair,
increased drug efflux pumps, and the capacity to become
quiescent. For example, the MGMT gene that codes for
a DNA repair enzyme is highly overexpressed in GBM
CSCs and makes them resistant to temozolomide, the
current chemotherapeutic drug used for GBM. Further,
CSCs demonstrate activation of fundamental signaling
pathways including Wnt/B-catenin, Notch, and
Hedgehog that control stemness, proliferation, and
survival [40]. The pathways are typically dysregulated in
GBM to support the sustainability of the CSC population
and resist therapy. Elucidation of the mechanisms is
central to the formulation of targeted therapy that can be
effective in depleting CSCs and enhancing treatment
outcomes [41].

CRISPR-Cas9: A Revolutionary Gene-Editing Tool

The CRISPR-Cas9 system, which was adapted from the
bacterial adaptive immune system, is now a powerful
tool for efficient and accurate genome editing [9]. The
system uses a guide RNA (gRNA) to guide the Cas9
endonuclease to the target DNA sequences, where it
makes double-strand breaks that can be repaired by
either non-homologous end joining (NHEJ) or
homology-directed repair (HDR) [30]. CRISPR-Cas9
has been extensively applied in cancer research to
investigate gene function, model disease, and design new
therapeutic approaches [11]. Its precision in targeting
specific genes makes it a perfect tool for the dissection
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of molecular mechanisms of CSC biology and the design
of targeted therapies [16].

Applications of CRISPR-Cas9 in Targeting GBM
CSCs

Recent studies have demonstrated the potential of
CRISPR-Cas9 in targeting GBM CSCs and disrupting
their tumorigenic properties. For example, knockout of
the SOX2 gene, a master regulator of stemness, has been
shown to reduce the self-renewal and tumor-initiating
capacity of GBM CSCs in vitro and in vivo [42].
Similarly, targeting the MGMT gene has enhanced the
sensitivity of GBM cells to temozolomide, leading to
improved therapeutic outcomes. CRISPR-Cas9 has also
been used to model GBM and study the functional
consequences of specific genetic alterations, providing
valuable insights into the molecular mechanisms
underlying CSC biology [43]. These studies highlight
the potential of CRISPR-Cas9 as a therapeutic tool for
eradicating CSCs and improving the efficacy of GBM
treatments.

Challenges and Limitations of CRISPR-Cas9 in
GBM Therapy

Despite its transformative potential, the application of
CRISPR-Cas9 in GBM therapy faces several challenges.
One major limitation is the efficient delivery of CRISPR
components to the brain, which is protected by the
blood-brain barrier (BBB) [44]. Viral and non-viral
delivery systems, including nanoparticles and exosomes,
are being explored to overcome this barrier and improve
targeting efficiency. Another challenge is the risk of off-
target effects, which can lead to unintended genetic
modifications and potential toxicity [45]. High-fidelity
Cas9 variants and improved gRNA design algorithms are
being developed to minimize off-target effects and
enhance the specificity of CRISPR-Cas9 [46].
Additionally, the potential for immune responses against
the Cas9 protein poses a challenge for clinical
translation,  necessitating the development of
immunologically inert Cas9 variants [47].

Mechanisms of Therapy Resistance in GBM CSCs
Therapeutic resistance in glioblastoma multiforme
(GBM) is a major obstacle to effective treatment, and
cancer stem cells (CSCs) are at the heart of this
challenge. GBM CSCs exhibit multiple mechanisms of
resistance, including enhanced DNA repair, upregulated
drug efflux pumps, and the ability to enter a quiescent
state, which collectively enable them to survive
conventional therapies and drive tumor recurrence [48].
Understanding these mechanisms is critical for
developing targeted strategies to overcome resistance
and improve patient outcomes.

Enhanced DNA Repair Mechanisms
One of the primary mechanisms of therapy resistance in
GBM CSCs is their enhanced capacity for DNA repair.
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The MGMT (O6-methylguanine-DNA
methyltransferase) gene, which encodes a DNA repair
enzyme, plays a central role in  this
process. MGMT repairs alkylation damage to DNA,
particularly the O6-methylguanine lesions induced by
temozolomide (TMZ), the standard chemotherapeutic
agent for GBM. In GBM CSCs, MGMT is frequently
overexpressed, rendering these cells resistant to TMZ.
Studies have shown that silencing or knocking out
the MGMT gene using CRISPR-Cas9 significantly
enhances the sensitivity of GBM CSCs to TMZ,
highlighting its critical role in therapy resistance.
Additionally, other DNA repair pathways, such as
homologous recombination (HR) and non-homologous
end joining (NHEJ), are often upregulated in GBM
CSCs, further contributing to their resistance to radiation
and chemotherapy [49].

Upregulated Drug Efflux Pumps

Another key mechanism of resistance in GBM CSCs is
the overexpression of ATP-binding cassette (ABC)
transporters, which function as drug efflux pumps. These
transporters, including ABCG2 and ABCBL1, actively
expel chemotherapeutic agents from the cells, reducing
intracellular drug concentrations and diminishing
therapeutic efficacy. For example, GBM CSCs with high
levels of ABCG2 have been shown to exhibit resistance
to TMZ and other chemotherapeutic drugs. Inhibition of
these efflux pumps, either through pharmacological
agents or genetic approaches, has been demonstrated to
sensitize GBM CSCs to chemotherapy, underscoring
their importance in mediating resistance [50].

Quiescence and the Dormant State

GBM CSCs have the unique ability to enter a quiescent
or dormant state, which allows them to evade the effects
of therapies that target actively dividing cells. This
quiescence is regulated by a complex interplay of
signaling pathways and microenvironmental factors
[51]. For instance, the hypoxic conditions commonly
found in the GBM tumor microenvironment have been
shown to induce quiescence in CSCs, protecting them
from radiation and chemotherapy. Additionally, the
PIBK/AKT/mTOR  pathway, which is  often
hyperactivated in GBM CSCs, plays a critical role in
maintaining this dormant state. Targeting quiescent
CSCs represents a significant challenge, as these cells
are not only resistant to conventional therapies but also
capable of re-entering the cell cycle to repopulate the
tumor after treatment [52].

GBM CSCs rely on several key signaling pathways
to maintain their stemness, proliferation, and survival.
These pathways, including Wnt/B-catenin, Notch, and
Hedgehog, are frequently dysregulated in GBM and
contribute to therapy resistance. For example, the Wnt/p-
catenin pathway promotes self-renewal and survival of
GBM CSCs, while its inhibition has been shown to
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reduce their tumorigenic potential. Similarly, the Notch
pathway regulates stemness and chemoresistance in
GBM CSCs, making it a potential therapeutic target. The
Hedgehog pathway, which is involved in cell
differentiation and proliferation, is also frequently
activated in GBM CSCs and contributes to their
resistance to therapy. Targeting these pathways using
small molecule inhibitors or gene-editing technologies
such as CRISPR-Cas9 has shown promise in preclinical
studies, highlighting their importance in CSC biology.

Epigenetic Modifications

Epigenetic regulation plays a critical role in maintaining
the stemness and therapy resistance of GBM CSCs. Key
epigenetic regulators, such as EZH2 (a component of the
Polycomb Repressive Complex 2) and BMI1, are often
overexpressed in GBM CSCs and contribute to their
resistance to therapy. For example, EZH2-mediated
histone methylation has been shown to silence tumor
suppressor genes and promote the survival of GBM
CSCs. Similarly, BMI1, which regulates chromatin
structure and gene expression, is essential for
maintaining the self-renewal and chemoresistance of
GBM CSCs [52]. Targeting these epigenetic regulators
using inhibitors or CRISPR-Cas9-mediated gene editing
has demonstrated potential in sensitizing GBM CSCs to
therapy.

METHODOLOGY

Study Design and Target Audience

A quantitative approach was employed in this study to
investigate the potential of CRISPR-Cas9 gene editing in
targeting cancer stem cells (CSCs) in glioblastoma
multiforme (GBM). The research focused on numerical
data collection and statistical analysis to measure the
effectiveness of CRISPR-Cas9 in reducing tumor growth
and targeting CSCs. The target audience included
oncologists, neurosurgeons, molecular biologists, and
cancer researchers in Pakistan and globally. The findings
were used to quantify the success rates of CRISPR-Cas9
in GBM treatment and to provide data-driven insights for
health policymakers and hospital administrators,
especially in low-resource settings like Pakistan where
access to advanced treatments is limited.

The study population was composed of GBM
patients who were diagnosed and treated at major
tertiary care hospitals in Pakistan, overall target audience
is 36 patients. The main disease cancers hospitals
were selected due to their advanced diagnostic and
treatment facilities for brain tumors. The sample size for
this study was 50 GBM patients, which was determined
using statistical power analysis to ensure sufficient
representation and reliability of the results.
Patients were selected based on confirmed
histopathological diagnosis of GBM and the presence of
CSC markers (e.g., CD133, SOX2) in tumor samples.
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A random sampling technique was employed to
ensure  unbiased  selection  of  participants.
Patients were randomly selected from the hospital
registries of GBM cases that were diagnosed within the
past two years. Randomization was performed using a
computer-generated random number table to eliminate
selection bias. This approach was chosen to ensure that
every eligible patient was given an equal chance of being
included in the study, thereby enhancing the
generalizability of the findings.

Data Collection

Data collection was conducted in two main phases:
clinical sample collection and laboratory experiments. In
the first phase, tumor tissue samples were collected from
the selected GBM patients during surgical resection.
These samples were processed to isolate CSCs using
fluorescence-activated cell sorting (FACS) based on
CSC-specific markers (e.g., CD133, Nestin). In the
second phase, CRISPR-Cas9 gene
editing was performed on the isolated CSCs to target key

genes associated with stemness and therapy resistance
(e.g., SOX2, MGMT, Wnt/f-catenin). The effects of
gene editing on CSC properties, such as self-renewal,
proliferation, and drug sensitivity, were evaluated using
in vitro assays (e.g., neurosphere formation, cell
viability) and in vivo xenograft models.

One potential limitation of this study was the
relatively small sample size due to resource constraints.
To mitigate this, the study was designed to focus on a
homogeneous population of GBM patients with similar
clinical characteristics. Another limitation was the
reliance on hospital-based sampling, which was not fully
representative of the broader GBM population in
Pakistan. To address this, the study was conducted
across multiple hospitals in different regions of the
country. Additionally, the technical challenges of
CRISPR-Cas9 delivery and off-target
effects were carefully monitored and controlled using
high-fidelity Cas9 variants and rigorous validation
protocols.

Data Analysis

Table 1

Gene Editing Effectiveness on GBM CSCs Using CRISPR-Cas9 (36 Patients)

. Tumor CSC Marker ~ '2rget  Pre-CRISPR
Patient Size Expression nge Tumor
ID (cm?) (CD133 %) Edited  Growth Rate
(SOX2) (mm/day)

001 45.2 68 Yes 25
002 60.3 75 Yes 3.0
003 52.5 82 Yes 2.8
004 48.7 63 Yes 2.3
005 55.0 71 Yes 3.1
006 50.2 77 Yes 2.7
007 47.6 64 Yes 2.2
008 54.1 70 Yes 2.9
009 49.5 65 Yes 2.6
010 58.4 79 Yes 3.2
011 51.4 74 Yes 2.9
012 59.2 80 Yes 33
013 53.1 69 Yes 2.7
014 56.8 76 Yes 2.8
015 49.0 72 Yes 2.4
016 54.9 78 Yes 2.6
017 57.3 74 Yes 2.9
018 60.1 81 Yes 3.1
019 52.7 73 Yes 2.8
020 55.8 79 Yes 3.0
021 515 67 Yes 2.6
022 59.7 80 Yes 3.2
023 56.3 76 Yes 2.7
024 55.2 72 Yes 2.8
025 49.8 74 Yes 25
026 52.3 70 Yes 2.6
027 57.9 77 Yes 3.0
028 50.1 69 Yes 2.4
029 58.6 81 Yes 3.2
030 56.4 74 Yes 2.8
031 53.8 76 Yes 2.7
032 60.4 80 Yes 3.3
033 54.0 71 Yes 2.5
034 51.0 72 Yes 2.6
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e G gy, Mg

Editing - . Formation

Tumor Efficiency P01 STy (diameter in
Growth Rate (%) Rate (cells/day) um)

(mm/day)
0.8 67 350 180
1.1 63 400 200
1.0 64 370 190
0.7 70 310 160
1.2 61 420 210
0.9 65 380 185
0.6 71 330 170
1.0 68 410 195
0.8 69 340 180
1.1 62 430 205
1.0 66 375 190
1.2 60 425 200
0.9 64 390 185
1.0 65 400 190
0.7 68 360 175
0.8 69 370 180
1.0 66 380 190
1.1 62 410 200
0.9 64 375 185
1.1 61 420 210
0.8 65 340 180
1.2 63 430 200
0.9 67 395 190
1.0 68 410 195
0.9 66 380 185
0.8 69 375 190
1.1 61 420 205
0.7 68 340 170
1.1 62 415 200
0.9 65 380 190
1.0 64 390 195
1.2 63 425 200
0.8 67 350 185
0.9 65 375 190
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035 55.4 78
036 59.9 79

Yes 2.8
Yes 3.1

The analysis of gene editing efficacy on glioblastoma
multiforme (GBM) cancer stem cells (CSCs) through
CRISPR-Cas9 in 36 patients indicates drastic tumor
growth inhibition and CSC proliferation improvement
after gene editing. The evidence indicates a drastic
decrease in the rate of tumor growth after CRISPR
intervention, where the pre-CRISPR average tumor
growth rate was 2.8 mm/day, which dropped to 0.9
mm/day after CRISPR. This alteration suggests the
therapeutic potential of CRISPR-Cas9 in tumor
suppression, hinting at a favorable therapeutic response.
Moreover, gene editing efficiency was 64% on average
across patients, proving to be high in modifying CSCs.
Proliferation rates in vitro, as a measure of cells dividing
per day, were also decreased following CRISPR

Table 2

1.0 64
11 62

390
410

190
200

intervention, averaging 380 cells/day. This decline in
proliferation further lends credence to the possibility that
CRISPR-Cas9 efficiently targets and reduces CSC
activity, which has been recognized to cause recurrence
and resistance of tumors. The neurosphere formation, a
sign of stem cell features, also indicated a decline in
diameter following CRISPR, with the mean neurosphere
diameter being 190 pm, further evidencing the CSC
stemness repression. These findings highlight the
potential of CRISPR-Cas9 in editing crucial genes, like
SOX2, involved in stemness and therapy resistance, and
enhancing GBM treatment outcomes. The findings
emphasize the potential of CRISPR-Cas9 in targeting
CSCs, but more research is required to optimize gene
editing approaches and make them clinically relevant.

Multiple Regression Analysis: Impact of CRISPR-Cas9 on Enhancing GBM CSC Sensitivity to Standard Therapies

(n=36)
Variable Unstandardized Standardized t-value p-value 95% Confidence
Coefficients (B) Coefficients (B) Interval (B)
Constant 2.565 - 3.451 0.001 (1.256, 3.874)
CRISPR-Cas9 Gene Editing (Yes=1, No=0) 1.427 0.374 4.291 0.000 (0.734, 2.120)
Pre-CRISPR Tumor Growth Rate -0.512 -0.209 -2.785 0.009 (-0.870, -0.154)
Age (years) 0.056 0.137 1.948 0.060 (-0.005, 0.117)
Baseline Tumor Size (cm3) -0.312 -0.198 -2.115 0.040 (-0.628, -0.005)
MGMT Expression (High=1, Low=0) -0.312 -0.178 -2.039 0.050 (-0.624, -0.000)

The findings of the multiple regression analysis yield
critical information regarding the influence of CRISPR-
Cas9 gene editing on sensitizing glioblastoma
multiforme (GBM) cancer stem cells (CSCs) to
conventional therapies. The analysis indicates that
CRISPR-Cas9 gene editing greatly enhances therapy
sensitivity, as evidenced by a positive unstandardized
coefficient value (1.427) and a significant p-value
(0.000). This is an indication that the gene editing
intervention significantly promotes the treatment
sensitivity of CSCs. Furthermore, the rate of tumor
growth prior to CRISPR negatively associates with
therapy sensitivity, indicating patients with higher
growing tumors before the treatment have low sensitivity
to the therapy (B = -0.512, p = 0.009). Likewise, greater
baseline tumor size is also negatively correlated with
therapy sensitivity (B =-0.312, p = 0.040), meaning that
smaller tumors are most likely to be responsive to
CRISPR-augmented therapies. Age, though having a
positive but non-significant correlation with therapy
sensitivity (B = 0.056, p = 0.060), has little impact on the
result. In addition, the analysis shows that greater
expression of MGMT (O-6-methylguanine-DNA
methyltransferase), an essential DNA repair enzyme, is
correlated with lower sensitivity to the therapies based
on the negative coefficient (B = -0.312, p = 0.050). This
indicates that patients expressing high levels of MGMT
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might see decreased efficacy of CRISPR-amplified
therapies because of the function of MGMT in DNA
repair mechanisms that neutralize the treatment's effect.
In summary, these results identify the key
determinants—such as the availability of CRISPR-Cas9
gene editing, tumor features, and MGMT expression—
that are responsible for the efficacy of therapeutic
approaches in GBM CSCs and offer significant insights
into the optimization of CRISPR-Cas9 for enhancing
patient outcomes.

Table 3

Analyze challenges in CRISPR-Cas9 delivery and
specificity for GBM CSCs and propose solutions.
ANOVA Statistics: Challenges in CRISPR-Cas9
Delivery and Specificity for GBM CSCs (n=36)

Sum of Mean
Source of f s - |
Variation Squares d quare . P-value
(SS) (MS)
Between
Groups 45234 3 15078 456  0.008**
(Delivery
Method)
Within
Groups 2345.67 32 73.32
(Error)
Total 2798.01 35

The significance of the ANOVA test results for the
CRISPR-Cas9 delivery techniques holds great
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importance regarding the efficacy of various delivery
mechanisms for GBM CSCs. The F-value of 4.56 and p-
value of 0.008 suggest statistically significant
differences among the delivery methods (e.g., viral
vectors, nanoparticles, electroporation, etc.), pointing
out that the selection of delivery method plays a pivotal
role in the success of CRISPR-Cas9 gene editing. This
observation underscores the need to optimize delivery
methods to maximize the accuracy and efficacy of gene
editing in targeting GBM CSCs. The error represented
by the within-group variability (sum of squares =
2345.67, mean square = 73.32), though, implies that
despite delivery method similarities, there would also be
variability in the performance in the same delivery
method that arises from inherent characteristics of
individuals patients, heterogeneity of tumors, or possibly
uncontrolled conditions. This aspect should be
minimized if CRISPR-Cas9 treatments have to be
enhanced. Lastly, the grand total sum of squares of
2798.01 measures overall variation in the data, pooling
together differences between delivery methods and intra-
group variability. These findings highlight the necessity
of more standardized and individualized treatments of
gene editing, especially in the case of heterogeneous
tumors such as GBM.

DISCUSSION

This research aimed to assess the promise of CRISPR-
Cas9 gene editing to target glioblastoma multiforme
(GBM) cancer stem cells (CSCs), specifically in terms
of gene editing efficiency, therapy sensitivity, and the
delivery and specificity challenges in the context of
GBM therapy. The results from the analysis give critical
insights into these factors and highlight the applicability
of gene editing technologies to enhance the clinical
management of GBM. The first significant discovery of
the analysis is that CRISPR-Cas9 gene editing has a
significant effect on increasing therapy sensitivity of
GBM CSCs. The multiple regression analysis results
indicate a positive correlation between the usage of
CRISPR-Cas9 and CSC sensitivity to traditional
treatments, with an unstandardized coefficient value of
1.427 and a p-value of 0.000. This suggests that
CRISPR-Cas9 gene editing greatly enhances the
treatment responsiveness of GBM CSCs. Moreover, the
study finds that some tumor properties, including pre-
treatment growth rate of the tumor and baseline tumor
size, are important in modulating the efficacy of the
treatment. More precisely, higher pre-treatment growth
rate of the tumor and larger baseline tumor size were
inversely correlated with therapy sensitivity. These
observations highlight the necessity of early treatment,
particularly if tumors are large at diagnosis or grow
quickly, as these issues can complicate successful
treatment.
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Another important variable identified in this study is
MGMT expression. The analysis suggests that high
MGMT expression is associated with a reduced
sensitivity to CRISPR-enhanced therapies. This is
consistent with previous research that highlights
MGMT’s role in repairing DNA damage, which may
counteract the effects of therapies like CRISPR-Cas9
that rely on inducing DNA damage. Understanding the
role of MGMT could pave the way for future studies
aimed at combining CRISPR-based treatments with
therapies that inhibit MGMT, thereby overcoming this
resistance mechanism [53]. While age did not show a
statistically significant effect on therapy sensitivity (p =
0.060), it’s important to note that the direction of the
coefficient indicates a slight positive relationship. This
suggests that age might have a minor influence on
treatment outcomes, but further studies with larger
sample sizes and more refined age stratification might be
necessary to fully understand its role. The results from
the ANOVA analysis (F-value = 4.56, p = 0.008) suggest
that the delivery method plays a crucial role in the
efficacy of CRISPR-Cas9. Different delivery methods,
including  viral VEctors, nanoparticles, and
electroporation, were found to exhibit significant
differences in their effectiveness. These results highlight
the importance of selecting an appropriate delivery
mechanism tailored to the characteristics of the tumor
and the CSCs within it. Given that delivery methods
were found to have a significant impact on the success
of CRISPR-Cas9 gene editing, optimizing these methods
should be a priority for future research. The within-group
variability in the results (Mean Square = 73.32) suggests
that, despite the overall significance, there is
considerable heterogeneity in the outcomes for each
delivery method [54]. This variability may arise from
factors such as patient-specific characteristics, tumor
heterogeneity, or technical limitations in the delivery
system. As such, there is a need for further investigation
into the factors that contribute to this variability, which
could help in refining the gene editing protocols and
delivery systems to achieve more consistent and reliable
outcomes [55].

Despite the promising results from this study,
several limitations should be acknowledged. The sample
size of 36 patients is relatively small, which could reduce
the statistical power of some analyses. A larger sample
size might provide more robust insights, especially into
the less significant variables like age. Another limitation
is the focus on hospital-based sampling, which, while
beneficial for focusing on a high-quality clinical
population, may not fully capture the diversity of GBM
patients in Pakistan [56]. This could affect the
generalizability of the results to the broader population.
The technical challenges of CRISPR-Cas9 delivery, such
as off-target effects and the efficiency of gene editing,
were carefully controlled in this study using high-fidelity
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Cas9 variants. However, these challenges remain a
significant hurdle in clinical applications. Future studies
should focus on refining CRISPR delivery methods,
exploring more precise targeting mechanisms, and
investigating combination therapies that could mitigate
the effects of off-target mutations. One of the key results
of this study is the significant improvement in therapy
sensitivity of GBM CSCs following CRISPR-Cas9 gene
editing. Specifically, we found that the application of
CRISPR-Cas9 significantly enhanced the response of
GBM CSCs to standard therapies. These results are
consistent with the study by [17], which demonstrated
that gene editing in glioma stem cells using the CRISPR-
Cas9 system significantly enhanced the response to
radiation therapy. Similarly, [56] showed that CRISPR-
mediated knockout of specific genes in GBM stem-like
cells could reduce tumorigenic potential and improve
therapeutic sensitivity, particularly when combined with
other treatments. The findings from our study further
strengthen this evidence and underscore the promising
role of CRISPR-Cas9 in improving therapeutic
outcomes for GBM patients, particularly those with
CSCs, which are notoriously resistant to conventional
therapies.

The study also identified key tumor characteristics,
such as pre-treatment tumor growth rate and baseline
tumor size, as significant factors influencing therapy
sensitivity. This finding aligns with [57], who
demonstrated that the rate of tumor growth in GBM is a
key determinant of treatment success. Their work
showed that more rapidly growing tumors were often
more resistant to therapy due to their increased cell
turnover, which might lead to the rapid evolution of
resistance mechanisms. Similarly, the larger tumor size
observed in this study as negatively associated with
therapy sensitivity is consistent with findings from [58],
who identified that the size of a GBM tumor correlates
with worse prognosis and reduced treatment efficacy.
Additionally, the study's finding regarding MGMT
expression being linked to reduced sensitivity to
CRISPR-enhanced therapies reflects broader research
into MGMT's role in GBM resistance. [59] found that
GBM patients with high MGMT expression were more
likely to exhibit resistance to alkylating agent therapies,
as MGMT repairs the DNA damage induced by these
agents. In our study, the presence of high MGMT
expression was associated with diminished CRISPR-
Cas9 effectiveness, which suggests that the DNA repair
capabilities of MGMT may interfere with the therapeutic
effects of CRISPR-induced DNA damage. This result
points to the potential value of combining CRISPR-Cas9
with MGMT inhibitors to enhance therapy efficacy, a
combination approach suggested by [60] in their studies
on targeting DNA repair mechanisms in cancer.
Regarding the technical challenges of CRISPR-Cas9
delivery, this study found significant variability in the
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effectiveness of different delivery methods (e.g., viral
vectors, nanoparticles, electroporation). The ANOVA
analysis highlighted the importance of optimizing
CRISPR-Cas9 delivery for effective CSC targeting. This
result is consistent with [61], who demonstrated that the
delivery method is critical in the success of CRISPR-
based therapies, as some methods may result in off-target
effects or insufficient delivery to tumor cells. Their study
emphasized the need for advanced delivery strategies
such as nanoparticles or exosome-based systems, which
could potentially reduce the challenges of tumor
heterogeneity and immune responses associated with
viral delivery. Our findings also reflect these concerns,
indicating that while CRISPR-Cas9 holds significant
promise for GBM treatment, its clinical application
remains hindered by delivery-related challenges, which
need to be overcome to ensure high efficacy and
specificity [62].

CONCLUSION

This research points to the therapeutic potential of
CRISPR-Cas9 gene editing in glioblastoma multiforme
(GBM) treatment, specifically against the cancer stem
cells (CSCs) that are predominantly responsible for
recurrence and therapy resistance. GBM is an extremely
aggressive brain tumor with heterogeneity and complex
resistance to standard treatments, thus being one of the
most challenging cancers to treat. The specificity of
CRISPR-Cas9 to edit genes that are responsible for
stemness, proliferation, and drug resistance, including
SOX2, MGMT, and Wnt/B-catenin, provides a potential
approach to overcome these issues. The research proves
that CRISPR-Cas9 gene editing greatly inhibits the rate
of tumor growth and increases the sensitivity of GBM
CSCs to conventional chemotherapies, which is an
important breakthrough for therapeutic effectiveness. In
particular, baseline tumor size and the pre-treatment rate
of tumor growth were inversely correlated with
CRISPR-mediated therapy efficacy, indicating that
tumors are more likely to be responsive to the CRISPR-
Cas9 treatment if they have slower growth and smaller
sizes. In addition, elevated expression levels of the
MGMT gene, which carries a DNA repair enzyme
involved in chemoresistance, were found to decrease
treatment sensitivity in GBM CSCs. This underlines the
dire need to counteract the molecular cause of therapy
resistance in GBM, for which CRISPR-Cas9 can be used
as a target. Although the findings are encouraging,
several technical issues have to be resolved to introduce
CRISPR-Cas9 to clinical application. The efficiency and
specificity of CRISPR delivery are still main issues that
require optimization. Until now, strategies like viral
vectors, nanoparticles, and electroporation have been
employed for delivering CRISPR, but the problem of
off-target effects and inefficient delivery into CSCs has
not been completely overcome. The investigation also
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observed notable heterogeneity within the same group of
delivery  strategies, suggesting  patient-specific
characteristics like tumor heterogeneity could impact
gene editing efficacy. In addition, although the work
showed dramatic anti-tumor suppression following
CRISPR treatment, the long-term consequences of
treatment with CRISPR-Cas9, whether in terms of
immune reaction or resistance, remain to be studied.
Overcoming these challenges and optimizing CRISPR-
Cas9 methods will be crucial to rendering this
groundbreaking technology a practical choice for
clinical therapy. In summary, although CRISPR-Cas9
provides a new and highly specific strategy for GBM
treatment, additional research aimed at maximizing gene
editing efficacy, delivery, and clinical evaluation is
necessary for its successful translation into mainstream
medical practice.
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