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Abstract

Medulloblastoma (MB) is the most common pediatric brain tumor, accounting for about
25% of childhood brain tumor cases. Among its molecular subgroups, Group 3 (G3) is particularly
aggressive, marked by high rates of metastasis at diagnosis and a devastating 30% recurrence rate
that is nearly fatal because of its therapy-resistant nature. Although the transcriptional programs
driving primary tumors are well characterized, the molecular mechanisms underlying the transition
to therapy resistance remain poorly understood. This challenge is further complicated by the

extreme scarcity of matched primary and recurrent patient specimens.

To overcome this challenge, we established a clinically relevant experimental model in
which G3 MB cells were treated with standard-of-care chemoradiotherapy (CRT), and living cells
were isolated. We then mapped signaling adaptations in these CRT-surviving cell populations,
discovering that the non-receptor tyrosine kinase SRC and its downstream effectors were
significantly upregulated following CRT. Interestingly, this adaptive increase was exclusive to the
G3 MB and was not observed in the SHH subgroup, Group 4 MB, normal human astrocytes, or

neural stem cells.

Functional validation through genetic ablation or pharmacological inhibition showed that
SRC acts as a central survival anchor for these cells. Disrupting SRC affected the stemness
circuitry, involving key factors such as SOX2, NOTCHI, OCT4, and NANOG, and further
hindered both migratory and proliferative capabilities. The loss of progenitor identity was
accompanied by increased expression of the neuronal marker TUBB3, indicating a forced shift
toward terminal lineage differentiation. This fundamental change effectively stripped the cells of
their plasticity, initiating dual-mode programmed cell death through both apoptotic and necroptotic

pathways.
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Finally, repurposing the blood-brain-barrier-permeable SRC inhibitor, Saracatinib, in
combination with standard CRT in patient-derived orthotopic xenograft models led to a significant
reduction in tumor burden and an extension of overall survival, all without causing neurotoxicity.
By uncovering a previously hidden mechanism of recurrence in G3 MB, our research provides a
rationale for the clinical application of SRC inhibitors. This approach offers a transformative,
neuro-sparing opportunity in pediatric oncology by specifically targeting the signaling pathways

that enable the most aggressive tumors to survive, adapt, and recur.
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CHAPTER 1. INTRODUCTION
1.1. Medulloblastoma

1.1.1. Overview and Epidemiology of Pediatric Brain Tumors

Cancer has a significant impact on the Canadian population, with current estimates
showing that nearly 2 in 5 Canadians will be diagnosed with some form of cancer in their lifetime,
and approximately 1 in 4 are expected to succumb to some sort of cancer'. Within this wider
perspective, pediatric oncology stands out as particularly distressing. On average, 1000 children
under the age of 15 are diagnosed with cancer in Canada each year’. While significant
advancements in treatment have been made, approximately 150 of these children die annually from
it>3. Among Canadian children, leukemia is the most common form of cancer, accounting for 33%
of all cancer cases> 4. However, tumors of the brain and central nervous system (CNS) are the

second most prevalent, representing 20% of the total cancer burden® >

Although CNS tumors are the second most common type of cancer in terms of incidence,
there has been a significant shift in mortality rates. Since 2016, brain tumors have become the
leading cause of cancer-related deaths in children and adolescents aged 0 to 19, surpassing
leukemia® 7. This trend is especially evident in the United States and Canada, where advancements
in leukemia treatment have greatly improved survival rates®. In contrast, high-grade CNS
malignancies have not seen similar progress*. Brain tumors are now recognized as the leading
cause of solid cancer deaths in individuals under the age of 20 worldwide’, highlighting an urgent

need for more effective treatment options.

1.1.2. Classification of Pediatric Brain Tumors

The biological framework of pediatric brain tumors is fundamentally distinct from that of

adult tumors, requiring a specialized research focus. Adult neuro-oncology is often defined by



tumors that develop as a result of the genetic alterations and environmental exposures accumulated

10, 11

over decades . By contrast, pediatric brain tumors are primarily seen as developmental

disorders'? 1. These tumors often originate from undifferentiated neural progenitor cells that

1'%, Their molecular characteristics

remain trapped in a primitive state of continuous self-renewa
are often distinguished by a low mutational burden but are heavily influenced by unique epigenetic
landscapes and specific developmental driver mutations'>. These factors retain the cells in an
embryonic state of proliferation, preventing the maturation and differentiation required for normal
CNS development!S.

According to the current World Health Organization (WHO) classification of CNS tumors,
these pediatric malignancies are grouped into several broad categories, including gliomas,
ependymomas, and embryonal tumors'’!®. Among these categories, embryonal tumors are
particularly recognized for their aggressive nature and high-grade'®2°. Medulloblastoma (MB) is
the most common embryonal tumor, arising in the cerebellum and accounting for nearly 20-25%
of all pediatric brain tumors®!. Its tendency to spread through the cerebrospinal fluid, a process

known as leptomeningeal dissemination, presents a considerable challenge even for the most

intensive multimodal therapies®.

1.1.3. Origin of Medulloblastoma

The cerebellum, essential for motor coordination and higher-order cognitive processing,
has an exceptionally protracted developmental timeline compared to other cortical structures?>.
The majority of cerebellar neurons originate from two distinct, spatially segregated germinal
zones: the ventricular zone (VZ), which produces GABAergic lineages, and the thombic lip (RL),

which serves as the primary source for all glutamatergic populations?*2°,



In humans, the development of the cerebellum shows a level of structural complexity that
is significantly different from that seen in mouse models and even in non-human primates®>. A key
characteristic of this species-specific development is the compartmentalization of the upper RL
(URL) around 11 post-conception weeks (PCW)?® 2. During this critical period, the URL is
divided by a specialized vascular plexus into two distinct germinal environments: ventricular zone
RL (RL"?) and the subventricular zone RL (RL5Y%)?6-27,

The RLVZ serves as a protected reservoir for multipotent stem cell populations, preserving
the long-term regenerative potential of the hindbrain?4. By contrast, the RL5VZ acts as a specialized
factory for transit-amplifying progenitor cells>*. These progenitors migrate rostrally to form the
external germinal layer (EGL), where they give rise to granule cell precursors (GCPs) and unipolar
brush cells (UBCs)**2’. MB is essentially a developmental glitch that occurs within these specific
lineages. It arises when these cells fail to exit the cell cycle and become trapped in a state of

continuous embryonic proliferation®,

1.1.4. Molecular Classification: Subgroups of Medulloblastoma

Recent advancements in single-cell transcriptomics and epigenomic mapping have enabled
researchers to classify MB into four molecular subgroups (Table 1). Each subgroup is explicitly
defined by its specific progenitor cells of origin and distinct anatomical locations within the
developing hindbrain, such as the RL and external VZ has unique clinical, biological, and

prognostic features® 3.
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Table 1. Clinical and Molecular Features of Medulloblastoma (MB) Subgroups.

The Wingless (WNT) subgroup, which accounts for approximately 10% of all MB cases,
is remarkably distinct, originating not from the cerebellum itself but from the lower RL (LRL) of
the dorsal hindbrain and the adjacent embryonic dorsal brainstem?”3!:32, The primary driver of
these tumors is the constitutive activation of the WNT signaling pathway, which typically occurs
due to missense mutations in the CTNNBI gene, which encodes f-catenin®’. These mutations
prevent the degradation of f-catenin, allowing it to accumulate in the nucleus, where it functions
as a transcription factor to drive the aberrant expression of target genes®>. As a result of their origin
in this specific LRL niche, WNT tumors are anatomically localized to the fourth ventricle and the
brainstem>® 3%, This localization contributes to their distinct clinical presentation and the most
favorable outcomes among all MB subgroups, with 5-year overall survival rates exceeding 90%>*

The Sonic Hedgehog (SHH) subgroup accounts for 30% of MB cases and is directly linked
to the URL-EGL axis®> . These tumors originate from the GCP lineage. During normal

development, GCPs undergo a significant expansion phase in the EGL, which is stimulated by

SHH ligands. However, genetic alteration in PTCH 1, SMO, SUFU, or downstream effectors causes



cells to disregard the regulatory stop signals that typically control development®"-37-38. As a result,
the GCPs enter a persistent state of proliferation, failing to migrate to the external granule layer
and instead forming a malignant mass on the surface of the cerebellum.

SHH MB is a clinically diverse subgroup of tumors, where patient outcomes are
significantly influenced by factors such as age, histopathology, and specific genetic drivers,
particularly the T7P53 tumor suppressor gene®” *°. While infants and a large portion of the adult
population often have more favorable outcomes, the prognosis changes dramatically for children
aged 5 to 16*°. Simultaneous activation of the SHH pathway and 7P53 somatic mutations leads to
significant genomic instability and strong resistance to conventional treatments®®. This molecular
distinction is so fundamental to the disease's behavior that the WHO has classified SHH tumors
based on their p53 status. Consequently, the subset of tumors with p53 mutations presents a
significant therapeutic challenge, as these tumors have an advanced ability to evade apoptotic
checkpoints and continue to grow malignantly, even in the face of aggressive treatments>® 4!,

While WNT and SHH MBs originate from clearly separated niches, Group 3 (G3) and
Group 4 (G4) are considered as part of a developmental continuum arising from the glutamatergic
lineages of the URL** **. High-resolution cellular mapping has demonstrated that these two
subgroups are not entirely distinct; instead, they represent different stages along a single
maturation pathway*. G3 MB represents the most primitive and lethal end of the disease spectrum,
accounting for approximately 25% of all cases*’. These tumors are believed to arise from early
progenitor cells within the RLY# and are characterized by significant MYC amplification or
overexpression®® 374445 This molecular driver functions as a developmental handbrake, keeping
cells in an undifferentiated, stem-like state while promoting uncontrolled proliferation and self-

renewal. Due to its embryonic characteristics, G3 MB is exceptionally versatile and aggressive,



often leading to metastasis in about 40% of patients at the time of diagnosis*® **%°_ In contrast to
the WNT or SHH subgroups, G3 MB cells lack clinically actionable molecular vulnerabilities,
making them notoriously difficult to treat*® *’. Furthermore, G3 MB exhibits tumor relapses,
affecting approximately 30% of G3 MB patients. These relapses are uniformly fatal, as the tumor
evolves to resist standard radiation and chemotherapy treatments. As a result, patients face poor
outcomes, with 5-year survival rates often falling below 60%*.

G4 MB is the most common yet complex subtype, accounting for approximately 35% of
all cases®”*®. These tumors are believed to originate from progenitor cells that have migrated into
the RLSV% and have aligned with the UBC lineage®**. Although these cells have advanced beyond
the primitive state observed in G3, their maturation is hindered by genetic disruptions, particularly
through enhancer hijacking and the abnormal activation of the PRDM6 oncogene™°. This disruption
affects the activity of the Core Binding Factor Alpha (CBFA) complex (CBFA2T2 and CBFA2T3),
which impairs the cell's ability to remodel chromatin and activate the gene programs required for
terminal differentiation®” *. Clinically, G4 presents a unique paradox: although it has a high
metastasis rate at diagnosis, patients generally have an intermediate-to-favorable prognosis
compared to G3, with 5-year survival rates typically exceeding 75%*.

The identification of four distinct molecular subgroups (Table 1) has fundamentally
redefined MB, transforming it from a single clinical diagnosis into a collection of biologically
distinct diseases*. This shift has propelled the field toward a precision medicine approach, where
the unique molecular characteristics of each tumor guide its clinical management. In practice, this
means we can now consider therapy de-escalation for WNT MB patients, aiming to reduce long-

term treatment toxicity while maintaining high survival rates. By contrast, for the SHH subgroup,



research focuses on the development and clinical testing of targeted inhibitors to specifically block
the oncogenic signaling driving those tumors>'.

The clinical reality for G3 MB patients highlights a significant and urgent gap in our current
treatment options. G3 represents the most challenging therapeutic issue in pediatric neuro-
oncology due to its primitive, stem cell-like biology, which confers inherent resistance to standard
treatments>® 4> *® Lacking viable molecular targets, these patients often face limited options

beyond aggressive, high-toxicity regimens that frequently fail to prevent relapse*’. Addressing the

unique resilience of G3 tumors is a critical priority for the next generation of MB research.

1.1.5. Tumor Recurrence in G3 MB

The current clinical standard-of-care for G3 MB involves a combination of surgical
resection, craniospinal irradiation, and cytotoxic chemotherapy®?>* This approach aims to
dismantle the tumor and its ability to proliferate. However, even with these aggressive
interventions, G3 MB tumors have a high rate of recurrence*. This recurrence is increasingly
linked to a specialized group of cancer stem cells (CSCs) (Figure 1), which act as a reservoir for
relapses® *°. CSCs do not just survive treatment; they actually thrive afterward by actively
remodeling their tumor microenvironment. As therapy eliminates the majority of sensitive cells,
the resulting empty niche becomes a fertile ground for the surviving CSCs, which secrete growth
factors and modify the extracellular matrix. This effectively protects them from further therapeutic

attacks and prepares the area for regrowth>>’,
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Figure 1. Cancer Stem Cell Survival and Post-Therapy Tumor Proliferation.
Treatment-resistant Cancer Stem Cells (CSCs) survive therapy to drive tumor recurrence through self-renewal and
proliferation, whereas sensitive non-CSCs result in tumor regression.

What makes G3 MB relapse particularly dangerous is its remarkable genetic stability.
Longitudinal studies comparing patient-matched primary tumors and their relapsed counterparts
show that these cancers rarely acquire new driver mutations®!: 3. Instead, the tumor's memory for
survival and regrowth is influenced by non-genetic adaptations. This indicates that the transition
from a primary treatable tumor to a fatal relapse is not due to changes in the DNA, but rather a

significant shift in the cellular signaling networks that execute the genetically encoded plans.



1.2. Cell Signaling

1.2.1. Overview of Cell Signaling

Cell signaling is the essential biochemical language that allows a cell to sense its
environment and respond with precise physiological changes>® . In multicellular organisms, cells
do not exist in isolation; instead, they are part of a vast, interconnected network that requires
constant communication to maintain homeostasis®!. This signaling network acts like a biological
operating system, governing crucial decisions that a cell makes, such as whether to grow, divide,
move, or undergo cell death®" %2, At its core, cell signaling involves converting an extracellular
stimulus into a specific intracellular response. Without this process of interpreting extracellular
signals, tissues would lose their structural integrity, and the coordinated development of complex
organs would be impossible. In a healthy state, these signaling pathways operate within a strict
system of checks and balances, ensuring that a cell initiates growth or movement only when it

receives a clear, verified signal from its surroundings’® 6% 62,

1.2.2. Signal Processing: Membrane to Nucleus

The journey of a message from the cell surface to the nucleus is a remarkable example of
biological engineering known as signal transduction®. This process begins when a ligand, such as
a hormone, growth factor, or neurotransmitter, binds to a specific transmembrane receptor. Some
of these ligands cannot cross the lipid bilayer of the cell membrane; therefore, they depend on
receptors to transmit their signals. Two major classes of receptors are G Protein-Coupled Receptors
(GPCRs), which activate intracellular secondary messengers, and Receptor Tyrosine Kinases
(RTKs), which possess intrinsic enzymatic activity® %>, When a ligand binds to its receptor, the
receptor undergoes a conformational change, effectively signaling that an external event has taken

place and allowing communication with the cell's interior®.



Once the signal crosses the cell membrane, it enters a phase of rapid amplification. This
process primarily involves a phosphorylation cascade, a high-speed relay race in which enzymes
called kinases add phosphate groups (PO4>") to downstream proteins®. This step is crucial because
a single ligand can activate thousands of effector molecules, creating a biological waterfall effect.
To facilitate this flow, cells use second messengers such as cyclic adenosine monophosphate
(cAMP) and calcium ions (Ca?*), which diffuse rapidly to reach various organelles®. This internal
communication is rarely linear; rather, it resembles a complex network where multiple pathways
engage in crosstalk, allowing the cell to integrate conflicting signals before committing to a
specific course of action.

The final destination for this relay is the nucleus. When a signal aims to change a cell's
long-term identity, the pathway culminates in the activation of specific transcription factors. These
proteins translocate to the nucleus and bind to cis-regulatory elements, such as enhancers and
promoters, to initiate targeted gene transcription®’. This coordinated shift in the transcriptional
program enables the cell to produce the specific proteins required for its next functional phase,
whether that involves DNA replication for mitosis or the synthesis of metabolic enzymes. Beyond
the nucleus, signaling also drives immediate structural changes, such as cytoskeletal remodeling,
where actin polymerization generates the mechanical force necessary for chemotaxis toward a
wound or pathogen®* %,

To maintain homeostasis and prevent diseases such as cancer, cells must eventually silence
certain signals. This termination can occur through several mechanisms, such as ligand
degradation, receptor internalization via endocytosis, or the action of phosphatases, which act as
an off switch by removing the phosphate groups that kinases add®®. A key concept in this process

is the kinome, the complete collection of kinases that serve as the cell's primary signaling hub. As
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the decision-makers of the phosphorylation cascade, kinases play a critical role as gatekeepers of

cellular behavior.

1.2.3. Classification of Kinases

The human kinome represents one of the most refined regulatory systems in biology,
functioning like a sophisticated circuit board that translates signals from outside the cell into
precise genomic and proteomic responses. The human genome encodes around 518 protein
kinases, but their diversity is governed by a structural and evolutionary hierarchy®.

At a fundamental level, these enzymes are classified into three types based on their
substrate specificity, which refers to the specific chemical binding sites they select for attaching a
phosphate group. The majority of protein kinases are Serine/Threonine kinases (STKs), which
modify the hydroxyl groups on these specific amino acids to alter protein function. These kinases
often function as the essential components of intracellular signaling pathways’’. Notable examples
include AKT, which plays a central role in regulating metabolism and cell survival, and mTOR,
responsible for integrating nutrient sensing with cell growth. Another important group within this
class is the ERK/MAPK family, which acts as a main channel for transmitting growth signals from
the cell membrane to the nucleus to initiate transcription’® 7!,

By contrast, the second type, Tyrosine kinases (TKs), evolved later and serve as specialized
communicators in multicellular organisms, often acting as high-fidelity receptors for growth
factors. Lastly, a smaller group, known as dual-specificity kinases (DSPs), has the unique ability
to act on all three types of residues (serine, threonine, and tyrosine), enabling them to connect
different signaling pathways and serve as critical integration points for cellular logic’’.

In the hierarchy of TKs, it is important to differentiate between RTKs and non-Receptor

TKs (nRTKs). RTKSs are transmembrane proteins that serve as the cell's main antennas, featuring
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an extracellular ligand-binding domain, a single transmembrane helix, and an intracellular catalytic
domain. When external growth factors, such as EGF (epidermal growth factor) or VEGF (vascular
endothelial growth factor), bind to these receptors, the RTKs dimerize and recruit lipid kinases like
PI3K’" 72, Although PI3K primarily phosphorylates lipids rather than proteins, it plays a crucial
role as a partner of TKs by generating the chemical signals necessary to recruit and activate
downstream STKs, such as AKT. This coordination is essential for translating external
environmental signals into cellular decisions related to growth and differentiation’.

nRTKs play a crucial role in cellular signaling. Unlike RTKs, which have ligand-binding
domains on the outer surface of the cell membrane, nRTKSs are either found in the cytoplasm or
anchored to the inner side of the cell membrane’ 7°. They are activated by intracellular signals,
including those from GPCRs and interactions with the cell matrix. Examples of nRTKs include
the SRC and ABL families. These kinases act as flexible hubs within the cell, integrating signals
from various cell-surface receptors and directing them to specific internal targets. For instance,
they can transmit signals to the cytoskeleton to facilitate movement or to the cell's survival
mechanisms. By serving as a link between the cell's outer environment and its internal processes,
nRTKs ensure that the cellular response to external stimuli is amplified and accurately targeted’*
74

Altogether, the coordination among these kinases creates a layered regulatory control
system. RTKs and associated lipid kinases, such as PI3K, often serve as primary sensors of
extracellular signals. nRTKs and STKSs, including the ERK and mTOR pathways, function within
an integrated signaling cascade to mediate downstream biological effects. This delicate balance of

phosphorylation is maintained by the counteracting actions of phosphatases, ensuring that the off
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switches are strictly regulated to prevent uncontrolled signaling, often seen in pathological

conditions’ 7,

1.2.4. The SRC Family of Non-Receptor Tyrosine Kinases

The SRC Family Kinases (SFKs) consist of nine nRTK members that are highly conserved
and serve as central hubs for integrating intracellular signaling. SFKs include SRC, FYN, YES,
BLK, FGR, HCK, LCK, LYN, and YRK. These kinases play a vital role in translating extracellular
signals into organized biochemical pathways that influence cell fate. Although they share a
structural similarity, the kinases have evolved to have distinct functional specializations, resulting
in unique expression profiles and regulatory functions across various human tissues’” 7%

SFKs are divided into three main groups based on their spatial expression patterns. The
first group, known as the ubiquitous group, includes SRC, FYN, and YES; these members are
expressed across a wide range of cell types and maintain essential homeostatic processes, including
mitogenesis, cytoskeletal reorganization, and survival signaling. By contrast, the second group,
the hematopoietic-restricted group, consists of BLK, FGR, HCK, LCK, and LYN. These kinases
are primarily found in immune cell lineages, where they coordinate the complex signaling required
for leukocyte activation and inflammatory responses. Finally, a distinct member of this family is
YRK. Unlike its siblings, YRK is not found in the human genome; it is an avian-specific ortholog
originally characterized in chicken cells” .

Despite their differing biological roles, members of the SFK family share a common
mechanical framework. Each member of this family employs a conserved allosteric snap-lock
mechanism that allows them to switch between an inactive dormant state and an active catalytic

conformation. The uniqueness of each kinase does not arise from the catalytic domain, but rather

from a region known as the Unique region (Figure 2A-B). The structural plasticity of the unique
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region serves as a selective interface, allowing each kinase to identify and engage a specific subset
of molecular partners. This structural characteristic ensures that even when multiple kinases are
present in the same cytoplasm, a particular kinase, such as SRC, can perform its unique signaling

functions with high precision and minimal interference from others®!.

1.2.5. Conformational Dynamics of SRC

SRC is a prototypical member of the nRTK family. Its discovery as the first cellular proto-
oncogene transformed our understanding of how intracellular signaling regulates life and death at
the molecular level®. Unlike receptor kinases, which require an external ligand to activate them,
SRC functions as an internal processor. It integrates upstream signals to control the cell's
mechanical, chemical, and structural responses®’.

In the domain of nRTKs, SRC serves as a key model for understanding how proteins
connect complex intracellular signals. The human SRC protein consists of 536 amino acids and
showcases a modular structure that allows it to shift between a dormant state and an active
signaling site®>. The N-terminus begins with the SH4 domain (Figure 2A), which undergoes a
covalent lipid modification known as myristoylation at Glycine 2. This modification anchors the
protein to the inner layer of the plasma membrane, positioning it near its upstream activators. Next
to this anchor is the unique region (Figure 2A), an intrinsically disordered region (IDR) that
facilitates specific protein-protein interactions and allosteric regulation. This IDR is essential for
SRC's functional specificity, enabling it to interact with unique cellular partners that other SRC
family members cannot recognize®.

The regulatory core of the protein comprises the SH3 and SH2 domains (Figure 2A), which
facilitate protein-protein interactions by binding to proline-rich sequences and phosphorylated

tyrosine residues, respectively. These domains are located before the SH1 catalytic domain, which
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contains the ATP-binding pocket and the activation loop, serving as the protein's enzymatic engine.
(Figure 2A) For the enzyme to achieve its full catalytic potential, it must undergo
autophosphorylation at Tyrosine 419 (Y419), a residue located within the activation loop that
stabilizes the catalytic site in a conformation that is favorable for substrate binding. Regulation of
this enzymatic activity is accomplished through an internal snap-lock mechanism?®!: 8284,

In healthy, resting cells, SRC is maintained in a closed, inactive conformation by the C-
terminal Src Kinase (CSK) (Figure 2B). CSK phosphorylates a regulatory tyrosine at the C-
terminal tail (Y530), which acts as an internal ligand that bends backward to bind to SRC's own
SH2 domain. At the same time, the SH3 domain clamps onto a linker region between the SH2 and
SH1 domains, physically shielding the catalytic site and preventing unwanted signaling.
Activation, or the opening of the molecule, is a dynamic process that begins when specific
phosphatases remove the inhibitory phosphate at Y530 (Figure 2B). Higher-affinity external
partners, such as activated growth factor receptors or integrin-associated proteins, can recruit the
SH2/SH3 domains. This release enables the protein to transition to an extended open state,

facilitating the autophosphorylation of Y419 and the recruitment of downstream substrates®'- 8> 84,
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Figure 2. Structure and activation of SRC (A) Schematic representation of the SRC kinase domain. (B) SRC
kinase configuration with Y530 phosphorylation in inactivated or Y419 phosphorylation in activated, respectively.

1.2.6. Role of SRC in Cellular Homeostasis and Fate

Under physiological conditions, SRC serves as an essential regulator for interactions
between cells and their environment. It does this through the Integrin Focal Adhesion Kinase
(FAK) axis, which allows SRC to detect mechanical signals from the extracellular matrix. This

detection helps to regulate the actin cytoskeleton and promotes cell migration. The process
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involves the phosphorylation of proteins like p130Cas and paxillin, which are essential for the
turnover of focal adhesions, enabling the cell to move through its surroundings®> 3¢(Figure 3).
Furthermore, SRC plays a vital role in amplifying signals from RTKs, such as EGF and VEGF
receptors. This amplification triggers important survival and growth pathways, including the Ras-
ERK and PI3K-AKT cascades (Figure 3). These pathways ensure that cell growth and movement
occur only in response to appropriate environmental signals, thereby maintaining strict cellular
homeostasis®’.

The influence of SRC extends deeply into the regulation of cell survival, actively
suppressing mechanisms that lead to apoptosis, or programmed cell death. SRC sends a strong
inhibitory signal against the activation of Caspase-3, the main protease responsible for the systemic
breakdown of cells (Figure 3). It achieves this inhibition through the PI3K-AKT survival pathway,
which phosphorylates and inactivates pro-apoptotic proteins. Additionally, SRC regulates the
BCL-2 family of proteins, known as the mitochondrial apoptosis regulators, both directly and
indirectly®’-%.

Moreover, SRC signaling is closely associated with PARP1 (Poly (ADP-ribose)
polymerase 1). PARP1 is crucial for detecting single-strand DNA breaks and initiating repair
processes. However, when PARP1 is hyperactivated, it can lead to cellular energy depletion and a
form of programmed cell death (Figure 3). SRC’s signaling cascades often modulate PARP1
recruitment and activity at sites of damage, ensuring that the cell focuses on repairing DNA and
maintaining genomic integrity rather than initiating apoptosis®’. In situations where the apoptotic

pathway is bypassed, SRC can also affect necrotic-like death pathways. This occurs through its

interactions with the RIP3K (Receptor-Interacting Protein Kinase 3) complex (Figure 3), which
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determines the switch between cell survival and necroptosis, particularly under conditions of
inflammation or genotoxic stress’"* °2.

Beyond survival and death, SRC plays a critical role in regulating cellular identity by
preserving stemness and preventing premature differentiation. It serves as a central hub for the
Signal Transducer and Activator of Transcription 3 (STAT3) pathway (Figure 3). When
phosphorylated by SRC, STAT3 forms homodimers and translocates to the nucleus. Within neural
stem and progenitor cells (NPCs), nuclear STAT3 collaborates with the Notch Receptor 1
(NOTCH1) intracellular domain (NICD) to transactivate a core self-renewal program. This
network directly supports SRY-box Transcription Factor 2 (SOX2) expression, a master
transcription factor that maintains the undifferentiated, multipotent state®® °*. This stem-like
signature is vital during neural development, as it helps prevent the exhaustion of the progenitor
pool.

As the cell commits to a specific lineage, regulation of the stemness axis is reduced,
allowing the expression of mature structural proteins. This change marks the final transition into a

differentiated neuronal state®®. By carefully balancing these signals, SRC ensures that the transition

from a progenitor state to a specialized cell occurs in synchrony with developmental requirements.
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Figure 3. SRC Kinase as a Central Regulatory Hub for Downstream Signaling Pathways and Cellular
Homeostasis. SRC kinase acts as a central signaling hub that integrates extracellular signals to regulate migration
via the FAK axis, proliferation and survival through Ras-ERK and PI3K-AKT, and stemness and differentiation via
the STAT3-NOTCH1-SOX2 pathway. It further maintains cellular homeostasis by balancing survival signals against
cell death pathways involving Caspase-3, PARP1, and RIP3K.

1.2.7, Kinase Dysregulation: Hallmarks of Cancer

The transformation of a normal cell into a malignant one is primarily due to rewiring in
intracellular communication, a concept introduced by Hanahan and Weinberg in their influential
work on the hallmarks of cancer”. Their first paper identified essential biological capabilities that
tumors acquire, and nearly all of them, especially self-sufficiency in growth signals and evasion
of programmed cell death, revolve around the alteration of protein kinase signaling.

In a healthy state, kinases operate as part of a tightly regulated system. However, during
oncogenesis, they can become continuously active®’. This deregulation functions like a short

circuit in a cellular network, allowing kinases to bypass the need for external signals and provide
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an ongoing, autonomous stimulus for cell survival®®. As a result, kinases play a crucial role in
acquiring and maintaining the hallmarks of cancer by promoting stemness, driving unchecked cell
proliferation, and enforcing a blockade against differentiation, keeping cells in a primitive and

aggressive state.

1.2.8. Kinases as Therapeutic Targets for Cancer

Understanding that kinases are primary drivers of oncogenic signaling has revolutionized
clinical oncology, shifting the focus away from broad-spectrum cytotoxic treatments to precision
molecular medicine. This change is highlighted by the development of small-molecule inhibitors
and monoclonal antibodies that target specific ATP-binding sites or extracellular domains of
abnormal kinases. Since the landmark FDA approval of Imatinib (Gleevec) in 2001, a BCR-ABL1
inhibitor that changed Chronic Myeloid Leukemia from a terminal diagnosis to a manageable
chronic condition, the field has experienced a surge in drug development®.

Currently, over 80 kinase inhibitors have been approved by the FDA, targeting various
proteins such as EGFR for non-small cell lung cancer, HER2 for breast cancer, and BRAF for
melanoma. These therapies have provided many patients with rapid tumor regression and a
significant extension of progression-free survival by precisely dismantling the signaling networks
that sustain the hallmarks of cancer”. However, while these advancements in kinase-targeted
therapies have shown remarkable effectiveness in primary tumor settings, their role in managing
recurrent and therapy-resistant tumors, especially the childhood brain cancer MB, remains poorly

understood.
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1.3. Study Rationale, Hypothesis, and Objectives

1.3.1. Rationale

Historically, most research on MB has focused on primary tumors. While these studies are
crucial for understanding how tumors form, they do not address the most pressing clinical issue:
recurrent disease. In patients with G3 MB, relapses are the leading cause of mortality, yet the
biology of these recurrent tumors remains largely unknown. This lack of understanding creates a
barrier to developing effective treatments for the most lethal stage of the disease.

One major reason for this knowledge gap is the scarcity of patient-derived recurrent tumor
samples. Unlike primary tumors, where surgical resection is the first line of therapy due to their
localized clinical representation, recurring tumors often display as diffuse and metastatic diseases.
This makes surgical removal both technically challenging and medically risky. Furthermore,
families of pediatric patients are understandably reluctant to subject their children to invasive
procedures. As a result, the lack of recurrent tumor samples directly hinders our understanding of
the largely unknown mechanisms underlying relapses, such as how cancer cells adapt to survive
the initial intensive therapy, leaving doctors with no effective options for their most vulnerable
patients.

To address this knowledge gap, we have developed specialized in vitro and in vivo models
that recapitulate the environment of therapy-resistant and recurrent G3 MB. These models provide
a high-fidelity platform for investigating molecular changes following chemoradiotherapy (CRT).
Unlike studies that focus solely on primary cells, our models capture the clinical context of
relapses, offering a much more accurate depiction of the disease's evolution. By using these
models, we are prioritizing a drug repurposing strategy that identifies new uses for existing FDA-
approved medications. Because existing drugs have previously cleared safety requirements, we
may skip the lengthy development timeline for a novel chemical and proceed directly to clinical
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trials. Our goal is to transform these research results into rapid, life-saving measures for children

who currently lack effective treatment options.

1.3.2 Hypothesis

Given that recurrent G3 MB often lacks significant new genomic alterations, this suggests
that the observed phenotypic changes are likely due to a shift in cellular signaling. We hypothesize
that these non-genomic changes in cell signaling are a crucial factor in therapy resistance and
tumor recurrence of G3 MB. Specifically, reorganization of signaling pathways following CRT
may act as a master regulator, maintaining a reservoir of cells in a stem-like state. This preservation
inhibits differentiation and promotes cell survival under therapeutic stress. Given the availability
of FDA-approved inhibitors, these kinase-driven pathways present an attractive target for reducing
G3 MB recurrence. Targeting these critical signaling nodes may disrupt the survival of the stem-
like progenitor cell pool and ultimately improve patient outcomes.

1.3.3. Objectives
Aim 1: Mapping the Adaptive Kinome: profile the phospho-kinase proteome to identify the

signaling signatures that emerge post-treatment. By comparing primary and CRT-resistant MB
models, we will pinpoint the specific molecular switches that allow G3 MB to survive CRT.

Aim 2: Deciphering the Mechanism of Resistance: dissect the kinase-mediated circuits that
drive cellular stemness, migration, and survival. This aim focuses on how these activated pathways
allow CRT-resistant MB models to bypass cell death signals and maintain their regenerative
potential, ultimately leading to relapse.

Aim 3: Therapeutic Evaluation of SRC Inhibitors: evaluate combinatorial strategies by pairing

FDA-approved kinase inhibitors with standard treatment. Through in vitro and in vivo testing, we
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will determine if these targeted combinations can effectively suppress tumor growth and prevent

recurrence.
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CHAPTER 2: METHODS & MATERIALS
2.1. Cell Model

2.1.1. Cell Culture

Primary human pediatric MYC-amplified MB cell cultures were obtained from
collaborators as kind gifts; Dr. Till Milden (German Cancer Research Center) provided HD-MBO03,
a treatment-naive large cell/anaplastic G3 MB cell model isolated from a male patient < 3 years
old at the time of surgical intervention'?’. SU MBO002 cells were generously provided by Dr. Yoon-
Jae Cho (OHSU Doernbecher Children's Hospital). Cells were derived from an autopsy specimen
of the leptomeningeal compartment from a pediatric patient with treatment-refractory, metastatic
G3 MB after receiving cyclophosphamide treatment!’!. MB3W1, anaplastic G3 MB cells, were
derived from the malignant cells found in the pleural effusions of a male patient < 3 years old and
kindly provided by Dr. Matthias Wolfl (Universititsklinikum Wiirzburg)'%?. Dr. Sheila Singh
(McMaster University) kindly provided us with matched human pediatric primary D425 and
recurrent D458 G3 MB cells'®. The D283 G3/G4 MB cell line was established from malignant
ascites cells and a peritoneal metastasis from a male patient, G3/4 MB, between 6 and 10 years
old, and was purchased from the American Type Culture Collection (ATCC, Rockville, MD,
USA)!03 104,

Dr. Sheila Singh generously provided primary human pediatric BT992 SHH MB cells.
These cells were originally isolated from a pediatric patient who later relapsed with the disease.
The collection and use of these samples were conducted with fully informed consent obtained from
the patient and their family, in accordance with ethical guidelines and under the approval of the
Hamilton Health Sciences/McMaster Health Sciences Research Ethics Board!”>. DAOY cells,

derived from a 4-year-old patient with desmoplastic SHH MB, were purchased from the ATCC!%.
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HD-MBO03, SU MB002, and MB3W1 G3 MB cells were cultured as tumourspheres in
serum-free Knockout DMEM/F12 media (Life Technologies) with 1X GlutaMAX (Life
Technologies), 20 ng/mL of EGF (STEMCELL Technologies), 10 ng/mL of bFGF (STEMCELL
Technologies), 1X NeuroCult SM1 Supplement (STEMCELL Technologies), 1X N2 Supplement
(STEMCELL Technologies), 2 ug/mL Heparin (STEMCELL Technologies), and 1X antibiotic-
antimycotic (Life Technologies).

Human pediatric primary D425 G3 MB cells were grown in MEM media (Life
Technologies) with 0.5X D-glucose (Life Technologies), 1X antibiotic-antimycotic, 20% fetal
bovine serum (FBS; Life Technologies), and 1X Sodium pyruvate (Life Technologies). In contrast,
human pediatric matched D458 G3 MB were grown in DMEM media (Life Technologies) with
1X GlutaMax, 1X antibiotic-antimycotic, 10% FBS, and 1X Sodium pyruvate (Life Technologies).
Three days prior to performing any functional assays, cells were transferred to serum-free medium.

D283 G3/G4 MB cells were cultured in MEM media (Life Technologies) with 1X
antibiotic-antimycotic,10% FBS, and 1X Sodium pyruvate.

BT992 cells were expanded with the BTIC enrichment medium (Life Technologies)
supplemented with 10% FBS. DAQOY cells were expanded in DMEM high-glucose media (Life
Technologies), supplemented with 1X GlutaMAX, 1 mM sodium pyruvate, 1X non-essential
amino acids (NEAA; Life Technologies), and 1X antibiotic-antimycotic. BT992 and DAOY cells
were cultured in serum-free BTIC enrichment medium for at least 48h prior to experiments.

Human astrocytes were purchased from ScienCell Research Laboratories (Carlsbad, CA,
USA) and maintained in complete Astrocyte Medium (ScienCell Research Laboratories). Human
neural stem cells (NSCs) are isolated from embryonic brain tissue at 8—11 weeks of age. Samples

were collected with informed written consent from patients in strict accordance with institutional
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and legal ethical guidelines. These cells were provided by Dr. Sheila Singh. Samples were
dissociated in artificial cerebrospinal fluid containing 0.2 Wunisch U/mL Liberase (Roche) and
incubated at 37 °C in a shaker for 15 min. The dissociated tissue was then filtered through a 70 um
cell strainer and collected by centrifugation at 300 g for 3 min. Human HSCs were cultured in
serum-free DMEM/F12 media (Life Technologies) with 20ng/mL of EGF (STEMCELL
Technologies), 10ng/mL of bFGF, 1x NeuroCult SM1 Supplement, 1x N2 Supplement, 2ug/mL
Heparin, and 1x antibiotic antimycotic.

All cells were grown in 10 cm tissue culture plates in a humidified incubator at 37 °C with
5% CO: and 95% air. Once the plates reached 80% confluency, tumorspheres were centrifuged at
500 g for 5 minutes. The spheres were dissociated by gentle pipetting and replated at 20% of the
resuspended volume. To maintain a healthy population, cells were typically passaged 2-3 times

per week.

2.1.2. In vitro Chemoradiotherapy Treatment
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Figure 4: Clinically-relevant in vitro chemoradiotherapy treatment protocol.

To model the standard-of-care treatment received by MB patients, we employed a
clinically-relevant in vitro CRT protocol. This regimen spans 7 days and consists of an initial dose

of radiation followed by chemotherapy. When the cells reached about 80% confluency, they were
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exposed to 2 Gray units (Gy) of X-ray radiation using the Rad Source 2000, designated as Day 1
of treatment. On Day 2, both treated and control cells were harvested, tumorspheres were
dissociated, and cells were replated at a density of 2 million cells per 10 cm tissue culture plate to
ensure consistent growth conditions. Day 3 served as a recovery day, allowing cells to rest before

subsequent treatments.

On Day 4, treatment plates were exposed to the chemotherapeutic agents cisplatin
(MedChemExpress, Cat. # HY-17394) and vincristine (MedChemExpress, Cat. #HY-N0488).
Cisplatin was prepared as a 5 mM stock solution and stored at —80 °C until use. At the time of
treatment, the stock was diluted in 1X PBS to generate a 200 uM working solution. Similarly,
vincristine was stored as a 1 mM stock at —80 °C and diluted in 1X PBS to obtain a 500 nM
working solution. For treatment, half of the media from each plate was collected into sterile tubes,
and the working solutions of cisplatin and vincristine were added at a volume of 1 pL per mL of
total media, resulting in final concentrations of 200 nM cisplatin and 0.5 nM vincristine. The media
was gently mixed by flipping the tubes 10—15 times and then returned to the plates to restore the

original volume.

Cells were carefully observed on a daily basis from Day 5 through Day 7 in order to
monitor their growth and overall health. During this period, cultures were split when necessary to
avoid over-confluency and to maintain cells in optimal growth conditions. On Day 8, the live cell

population was separated from dead cells using appropriate techniques.

2.1.3. Live Cell Separation

Due to changes in cell populations following CRT treatment, we started with approximately
3 times as many plates for treated cells as for therapy-naive cells. Living cells were isolated using

the Dead Cell Removal Kit (Miltenyi Biotec, Cat. #130-090-101) according to the manufacturer’s
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instructions. This kit contains magnetic MicroBeads that specifically bind to designated cell-
surface markers. Cells were first pelleted by centrifugation at 500 x g for 5 minutes, then washed
with 1X Binding Buffer (provided in the kit) to remove residual media and centrifuged again at
500 x g for 5 minutes. Cells were then counted using trypan blue and resuspended in 100 puL of
Dead Cell Removal MicroBeads per 107 living cells, followed by a 15-minute incubation at room
temperature. The cell-bead mixture was diluted with 1X Binding Buffer to a final volume of 3 mL
per tube, then loaded onto an LS MACS® Column in a MACS magnetic separator (Miltenyi
Biotec, Cat. #130-042-401) in 1 mL increments to separate dead cells from live cells. Flow-through
containing the enriched live cell population was collected into a tube, centrifuged at 500 % g for 5
minutes, and resuspended in 1 mL of medium. Cell viability was confirmed by trypan blue
exclusion, demonstrating an increased proportion of live cells following separation. Lastly, the
surviving cells were replaced under control conditions and subsequently treated for downstream
experimental analyses.

2.1.4. CRISPR-Cas9 Gene Editing

Tetracycline-inducible (Tet-ON) Cas9 lentivirus particles were purchased from Dharmacon

(Horizon Discovery, Cat. No. VCAS11227) and used to establish a stable Cas9-inducible cell line.
G3 MB cells were seeded at a density of 5x10* cells in a 24-well plate. Immediately, after seeding,
cells were transduced with Tet-ON Cas9 lentiviral particles at a multiplicity of infection (MOI) of
0.3 in the presence of 5 pg/mL of sequabrene (Millipore Sigma, Burlington, MA, USA) to enhance
viral uptake. To further increase transduction efficiency, the plate was centrifuged at 800 x g for 1
hour at 32 °C. Following centrifugation, the plate was transferred to a 37 °C incubator with a

humidified atmosphere containing 5% CO: and maintained under standard culture conditions.
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24-hours post-transduction, the virus-containing medium was carefully aspirated and
replaced with fresh growth medium supplemented with 5 pg/mL blasticidin (Invitrogen, Cat. #
A1113903) to select for stably transduced cells. Blasticidin selection was continued for two weeks,
during which the media was refreshed every 2—3 days until a resistant population was established.
Two weeks after selection, cells were transduced with two different lentivirus clones containing
pre-designed guide RNA (gRNA) targeting SRC, purchased from Dharmacon (clone #1: Cat. No
VSGHSM 38240064, and clone #2: Cat. No VSGHSM_38240069). Transduction was performed
using the same protocol described above. Following viral exposure, cells were selected in culture
medium containing 2 pg/mL puromycin (Millipore Sigma, Cat. # P9620) to ensure expression of
the integrated gRNAs. Cells were continuously maintained in media containing the selection
markers blasticidin and puromycin throughout all experiments to prevent loss of the lentiviral
constructs.

For induction of Cas9 expression and activation of CRISPR-mediated genome editing,
cells were treated with 0.5 uM doxycycline hyclate (DOX; Millipore Sigma, Cat. #D5207). DOX
was freshly prepared and added to the culture medium daily for three consecutive days to achieve
robust induction of Cas9 protein expression. Treated cells were subsequently expanded and used

for downstream experimental validation.

2.1.5. In vitro Treatment

To validate the successful acquisition of a treatment-resistant cell population following
live cell separation, the cells were challenged with either re-irradiation at 2 Gy, high-dose
cisplatin (500 mM), or vincristine (1 nM).

To achieve pharmacological inhibition of SRC, MB cells were treated with one of the

following small-molecule inhibitors: 10 uM Saracatinib (MedChemExpress, Cat. # HY-10234), 5
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uM Bosutinib (MedChemExpress, Cat. # S1014), or 5 uM SU6656 (TOCRIS, Cat. # 6475). Cells
were exposed to these inhibitors 24 hours prior to harvest for downstream analyses.

To investigate the contribution of cell death pathways, SRC knockout (KO) cells were
subjected to a sequential DOX-induced KO protocol, combined with inhibition of apoptosis or
necroptosis. On Day 1, cells were treated with DOX to induce SRC KO. On Day 2, cells received
DOX in combination with 10 uM of pan-caspase apoptosis inhibitor N-benzyloxycarbonyl-Val-
Ala-Asp (OMe)-fluoromethylketone (Z-VAD-FMK: Selleckchem, Cat. # S7023) or 10 uM of
necroptosis inhibitor Necrostatin-1 (Nec-1; Selleckchem, Cat. #S8037). On Day 3, cells received
DOX alone. In each case, cells were incubated for 24 hours prior to sample collection.

Z-VAD-FMK and Nec-1 were prepared in dimethyl sulfoxide (DMSO; Invitrogen, Cat. #
D12345). To account for solvent-related effects, control cells received an equivalent concentration
of DMSO as a vehicle control. All chemical reagents were freshly prepared in appropriate solvents

immediately prior to use, according to the manufacturer's recommendations.

2.2. In Vitro Model

2.2.1. Human Proteome Profiler Phospho-kinases Array

Phospho-kinase array profiling was performed using the Proteome Profiler Human
Phospho-Kinase Array Kit (R&D Systems, Cat. # ARY003C) according to the manufacturer’s
specifications and guidelines. Briefly, cells were lysed using the lysis buffer provided in the kit,
supplemented with protease and phosphatase inhibitors. Protein concentration was quantified
using the colorimetric Micro BCA assay kit (Life Technologies, Cat. # 23235), and 300 pg of total
protein was incubated with the pre-blocked array membranes overnight at 4°C on a rocking
platform. The following day, membranes were washed 3 times for 10 minutes each, then incubated
with an antibody detection cocktail (provided in the kit) for 1 hour at room temperature.

Membranes were then washed 3 times for 10 minutes each, followed by incubation with
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streptavidin-HRP reagent (provided in the kit) for 30 minutes at room temperature. Membranes
were again washed three times, 10 minutes each, before being covered with the chemiluminescent
detection reagents (provided in the kit). Membranes were imaged using the iBright FL1500
Imaging System under chemiluminescent settings, with multiple exposure times applied to capture
the optimal signal. The intensity of kinase spots was quantified using ImageJ software (National
Institutes of Health), and relative phosphorylation levels were determined by normalizing internal

reference spots on the membrane.

2.2.2. Protein Extraction

Suspension cells were transferred into 15 mL tubes and washed with cold 1X PBS; adherent
cells were harvested by scraping, transferred into 15 mL tubes, and similarly washed with cold 1X
PBS. The tubes were centrifuged at 500 x g for 5 minutes, after which the supernatant was
decanted. The cells were then washed with 200 pL of cold 1X PBS, transferred to 1.5 mL
Eppendorf tubes, and pelleted at 700 x g for 5 minutes at 4°C. Following aspiration of the
supernatant, pellets were resuspended in RIPA lysis buffer (25 mM Tris-HCI, pH 7.6, 150 mM
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) supplemented with 1% protease and
phosphatase inhibitor cocktail (PIC; Life Technologies, Cat. # 78425). Lysates were incubated on
ice for 45 minutes, then sonicated for 1 minute. Finally, the samples were centrifuged at 20,000 g

for 15 minutes at 4°C, and the protein-containing supernatants were collected.

2.2.3. Protein Quantification

Protein concentration within the lysates was quantified using the Micro BCA Protein Assay
Kit in a 96-well flat-bottom plate. The working reagent was prepared by mixing three components
in the ratio 25:24:1, 25 parts of reagent A, 24 parts of reagent B, and 1 part of reagent C. This

colorimetric assay relies on the reduction of Cu™ to Cu™’ by specific amino acids (cysteine,
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cystine, tryptophan, and tyrosine) followed by the chelation of Cu*’ with bicinchoninic acid
(BCA).

To ensure absorbance values remained within the spectrophotometer's linear range, protein
lysates were diluted 1:2 in ddH>O. To each well containing 150 pL of the prepared working
reagents, 5 puL of either the diluted sample or a BSA standard (ranging from 0.2 to 2.0 mg/mL)
was added in duplicate. The plate was covered and incubated at room temperature on a microplate
shaker for 45 minutes. Following incubation, absorbance was measured at 570 nm using a
SpectraMax Microplate Reader. Final protein concentrations were extrapolated by comparing the

optical densities of the unknown samples to the generated BSA standard curve

2.2.4. SDS-PAGE and Western Immunoblotting

Polyacrylamide gels were prepared and resolved by standard SDS—PAGE procedures.
Resolving gels (6—15%) were prepared fresh using distilled water, 30% acrylamide/bis-acrylamide
solution (Bio-Rad, Cat. # 1610156), Tris-HCI buffer (pH 8.8), 10% sodium dodecyl sulfate (SDS;
Millipore Sigma, Cat. # 289957), 10% ammonium persulfate (APS; Invitrogen, Cat. # 401161000),
and tetramethylethylenediamine (TEMED; Millipore Sigma, Cat. # 411019). Once the resolving
layer polymerized, a 6% stacking gel was prepared using the same reagents (distilled water, 30%
acrylamide/bis-acrylamide solution, 10% SDS, 10% APS, and Tris-HCI buffer (pH 6.8)).

Cell lysates were quantified as described above, and equal amounts of protein (5-50 ug)
were prepared for electrophoresis. Samples were mixed with loading buffer (95% 2x Laemmli
sample buffer (Bio-Rad, Cat. # 1610737) and 5% PB-mercaptoethanol (Millipore Sigma, Cat. #
M6250) and denatured at 95 °C for 5 minutes.

Proteins were separated on gels using the Mini Trans-Blot® Cell and Criterion™ Blotter

system (Bio-Rad). Electrophoresis was performed in 1x SDS running buffer (25 mM Tris, 200
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mM glycine, 0.1% SDS) freshly prepared from a 10x stock using 64.8% Tris-base
(ThermoScientific; Cat # BP152-1), 32.4% UltraPure™ Glycine (Invitrogen, Cat. # 15527013),
2.8% SDS. A two-step voltage program was used: 80 V for 15 minutes to concentrate proteins into
the resolving gel, followed by 110 V for approximately 1.5 hours until optimal separation was
achieved. Following -electrophoresis, proteins were transferred onto Immobilon-P PVDF
membranes (Millipore Sigma, Cat. # IPVH00010) using the wet-transfer method in transfer buffer
(25 mM Tris, 192 mM glycine, 20% methanol, pH 8.3) at 110V for 1.5 hours.

To normalize protein loading, membranes were stained with No-Stain™ Protein Labeling
Reagent (Invitrogen, Cat. # A44717) according to the manufacturer’s protocol. Briefly, membranes
were rinsed twice with ddH>O for two minutes each, then incubated for 10 minutes at room
temperature in a freshly prepared No-Stain™ Protein labeling solution (20 uL No-Stain Activator,
20 pL No-Stain Derivatizer, 0.5 mL 10X No-Stain Labeling buffer, and 9.5 mL ddH>O) under
gentle rocking. After incubation, membranes were washed three times for two minutes in ddH>O
to remove unbound reagent. Labeled proteins were visualized using the iBright FL1500 Imaging
System under universal acquisition settings.

Membranes were then blocked with 5% non-fat dry milk prepared in PBST for 45 minutes
at room temperature on a rocker. Following blocking, membranes were then incubated overnight
at 4 °C with the indicated primary antibodies (diluted 1:1000 in PBST containing 1% BSA). The
next day, membranes were washed three times in PBS (5 minutes each) and incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies (1:10,000 dilution in 5%
milk/PBST) for 1.5 hours at room temperature.

After secondary antibody incubation, membranes were washed three times in PBS (5

minutes each). Protein signals were detected using the Clarity Western ECL Substrate (Bio-Rad,
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Cat. # 1705061) prepared at a 1:1 ratio and imaged using the iBright FL1500 Imaging System
under chemiluminescence acquisition settings.

Protein band intensities were quantified using ImageJ software (National Institutes of
Health). The total protein signal obtained from No-Stain™ labeling was used as a loading control
for normalization of target proteins, providing a robust, reproducible method that avoids the

variability associated with traditional housekeeping protein detection.

ANTIGEN HOST DILUTION SOURCE Cat. No.
p-SRC Rabbit 1:1000 R&D systems AF2685
Total SRC Rabbit 1:1000 Cell Signaling 21098
Cas9 Mouse 1:1000 Cell Signaling 14697S
SOX2 Rabbit 1:1000 Cell Signaling 35798
TUBB3 Mouse 1:1000 R&D systems MAB1195
Cleaved Caspase-3 Rabbit 1:1000 Cell Signaling 9661S
Caspase-3 Rabbit 1:1000 Cell Signaling 96625
RIP3K Rabbit 1:1000 Cell Signaling 957028
PARP1 Mouse 1:667 Santa Cruz SC-8007
Nanog Rabbit 1:1000 Cell Signaling 35808
OCT3/4 Mouse 1:667 Santa Cruz SC-5279
p-Stat3 Rabbit 1:1000 Cell Signaling 9145T
Total Stat3 Mouse 1:1000 Cell Signaling 9139T

Table 2. List of primary antibodies used for western blotting used in this study.

ANTIGEN HOST DILUTION SOURCE Cat. No.
HRP
CONJUGATED Goat 1:10 000 Jackson 111-035-114
SECONDARY Immunoresearch
ANTI-RABBIT
HRP
CONJUGATED Goat 1:10 000 Jackson 115-035-003
SECONDARY Immunoresearch
ANTI-MOUSE
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Table 3. List of secondary antibodies used for western blotting used in this study.

2.2.5. Trypan Blue Cell Counting

Cell proliferation was evaluated using the Trypan blue exclusion assay, a standard

technique that identifies live cells based on membrane integrity. This method uses trypan blue dye,
which is selectively excluded by the intact membranes of living cells. Conversely, cells with
compromised membranes, indicative of cell death, internalize the dye and appear blue under light
microscopy, allowing for a clear distinction between living and non-living cell populations.

The experimental workflow began by seeding cells at a density of 5 x 10* cells/mL into 12-
well tissue culture plates. To allow initial stabilization, the plates were incubated for 2 hours under
standard culture conditions (37 °C, 5% CO-, humidified atmosphere) before treatment with either
the designated drug or an equivalent volume of vehicle control. At predetermined time points
following treatment, the cells were harvested, centrifuged at 300 g for 5 minutes, washed with
PBS, and then resuspended in an appropriate volume of PBS for counting.

An aliquot of the cell suspension was mixed with 0.4% trypan blue solution (Millipore
Sigma, Cat. # 93595) at a 1:1 ratio. Finally, 10 pL volume of this mixture was loaded onto a
hemocytometer and examined under a light microscope. Living, unstained cells were manually
counted across the hemocytometer quadrants. The final concentration of living cells was calculated

using the following formula: Average cell counts per quadrant x 10* x Dilution factors.

2.2.6. Prestoblue Cell Viability

Cell viability was quantitatively assessed using the PrestoBlue™ HS Cell Viability Reagent
(Invitrogen, Cat. # P50201), a resazurin-based assay that serves as a sensitive indicator of

metabolic health by measuring the reducing potential of living cells. In metabolically active cells,
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the non-fluorescent resazurin-based compound is reduced to highly fluorescent resorufin; the
resulting fluorescence intensity is directly proportional to the number of viable cells in the
population

For the experimental procedure, cells were seeded at a density of 1 x 10° cells per well in
sterile, flat-bottom 96-well plates in 100 pL of media. The plates were incubated overnight at 37
°C in a humidified atmosphere (5% CO:) to allow for cell attachment and recovery. Following this
stabilization period, cells were treated with the designated drug or a vehicle control. All
experimental conditions were performed in triplicate to ensure statistical plate consistency, and
additional wells containing only culture media were maintained as background controls to account
for non-specific signals.

At specified time points post-treatment, 10 pL of PrestoBlue™ HS reagent (final
concentration of 1x) was added to each well and mixed gently. The plates were then incubated at
37°C for 15 minutes, protected from light, to facilitate the metabolic reduction of the reagent.
Fluorescence intensity was subsequently measured using a microplate reader with excitation at
560 nm and emission at 590 nm.

To determine relative viability, the average background fluorescence from the media-only
wells was subtracted from all experimental readings. Data were then normalized to the untreated
control group, which was set to 100% viability, allowing determination of the relative impact of

the treatment on cell health.

2.2.7. Tumorsphere Formation Assay

Tumorsphere formation assays were performed to assess the self-renewal capacity of cells
under serum-free, non-adherent conditions. Cells were first dissociated into single-cell suspensions

by gentle trituration through repeated pipetting to minimize cellular clumping while maintaining
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viability. Single cells were counted as described above to ensure accurate seeding density. Cells
were plated at a low density of 2.5 x 10? cells per well in ImL of serum-free growth media into
ultra-low attachment 24-well plates to prevent adherence and promote sphere formation.

Plates were incubated at 37 °C in a humidified incubator with 5% CO-, and cultures were
maintained for 5 days to allow tumorsphere development. During this period, cells were treated
with either the designated drug or the vehicle control. Treatments were added gently along the
sides of the well to avoid disturbing the non-adherent cultures and to ensure minimal disruption to
the forming spheres. At the end of the 5-day incubation, brightfield images of tumorspheres were
captured from multiple random fields of view per well using a light microscope equipped with a
digital camera.

For secondary sphere formation assays, primary tumorspheres were collected, gently
dissociated into single-cell suspensions by trituration, and live cells were counted. Cells were then
re-seeded at the same density of 2.5 x 10? cells per well into fresh ultra-low attachment 24-well
plates under identical culture conditions. Secondary tumorspheres were imaged after 5 days of
culture.

Quantification of tumorsphere formation was performed using ImageJ software (National
Institutes of Health). Images were analyzed to measure the diameter of cell aggregates, and only
spherical colonies with a minimum diameter of >50 pm were scored as tumorspheres. This cutoff
was selected to exclude non-proliferative cell clusters and to ensure that only spheres resulting

from clonal expansion were included in the analysis.

2.2.8. Migration Assays

To evaluate the migratory potential of MB cells, eGFP-expressing G3 MB cells were

harvested and resuspended in serum-free MB medium to establish a baseline for chemotactic
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induction. The cells were seeded at a density of 2x 10 cells per well into the upper chamber of
Corning® Transwell® 12-well polycarbonate membrane inserts (8.0 um pore size, 6.5 mm
diameter; Cat. #3422). To facilitate directional migration, the lower chamber was filled with 600
pL of MB medium supplemented with 10% FBS as a chemoattractant. Transwell plates were
incubated at 37°C in a 5% CO2 atmosphere for 72 hours, during which cells were treated with
designated drugs or a vehicle control.

Following incubation, migration was assessed via direct fluorescence visualization to
preserve cell integrity and eGFP signal intensity without the use of chemical fixatives. The upper
chamber inserts were briefly removed, and migrated eGFP-positive cells situated on the basal
surface of the membrane were imaged using an EVOS® FL Cell Imaging System. To ensure
statistical robustness and an unbiased representation of migratory patterns, fluorescence
micrographs were captured across multiple randomly selected fields of view for each experimental
condition. The number of migrated cells was quantified using ImagelJ software (National Institutes

of Health).

2.3. Patient Data Analysis

To evaluate gene expression differences between primary and recurrent MB, a publicly
available dataset of paired tumor samples from Okonechnikov et al'®’. was used. This data was

accessed via the R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl) under the

name “Tumor Medulloblastoma-Korshunov-86-rpkm-mbffpe.” Normalized gene expression data
were downloaded and processed within the R statistical environment using the markeR, ggplot2,
and ggpubr packages for data orchestration and visualization. GAUTSCHI_SRC SIGNALING

GSEA molecular signature was employed to assess SRC activity.
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The magnitude of change in this SRC activity signature between paired primary and
recurrent states was quantified using Cohen’s d, a standardized measure of effect size. This metric
measured the distance between group means in standard deviation units, with values of
approximately 0.2, 0.5, and 0.8 categorized as small, medium, and large effects, respectively.
Within this analytical framework, a positive Cohen’s d reflects a higher mean signature expression
in the primary tumors, while a negative value indicates an enrichment of the SRC signaling

signature in the recurrent tumors.

2.4. In Vivo Model

2.4.1. Ethics Statement

All experiments involving animals were approved by the University of Manitoba’s Animal
Care Committee (Protocol #24-059). Non-obese diabetic (NOD) severe combined
immunodeficient (SCID) IL2R gamma null (NSG) mice (NOD.Cg-Prkdc*“ 112rg™"""/Sz]) were
obtained from the CancerCare Manitoba Research Institute and used for all procedures. Animals
were housed in individually vented cage (IVC) and maintained in accordance with the Guidelines
of the Canadian Council on Animal Care and the Animal Care and Use Policy of the University of
Manitoba.

Irradiated feed was used, and caging and bedding were sterilized by steam autoclave.
Animals had continuous access to food and water. The room ambient temperature was 21-23°C,
with a relative humidity target of 50% but within a range of 30-60%. Light cycle was 12 h on/12 h

off, beginning with lights on at 6:00 a.m.
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2.4.2. G3 MB Recurrent Model
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Figure 5: Clinically-relevant in vivo chemoradiotherapy treatment protocol.
To establish the model for progression of recurrent G3 MB tumors, 7-9-week-old NSG

mice were anesthetized with isoflurane (5% induction, 2.5% maintenance) and positioned in a
stereotactic frame. A suspension of 1 x 10° HD-MBO03 or SU MB002 cells in 5 pL of sterile PBS
was injected into the cerebellum. Injections were performed in a non-randomized and non-blinded
manner. Based on prior experience with this model, tumors typically become detectable and
clinically significant by day 5 post-engraftment, reflecting the highly aggressive nature of these
cells'®,

On day 7 post-engraftment, mice were randomized into treatment cohorts. The first group
served as placebo-treated therapy-naive controls and received no active drug intervention. The
second group received standard CRT. Animals in the CRT group were subjected to craniospinal
irradiation (2 Gy) on day 7 using the Rad Source 2000 irradiator. To limit irradiation exposure, a
custom-fitted cerrobend shield was used to protect the thoracic and abdominal regions while
ensuring uniform exposure of the cranium and upper spine. One week following irradiation (day
14 post-engraftment), chemotherapy was initiated with intraperitoneal (I.P.) administration of

cisplatin (2.5 mg/kg) and vincristine (0.4 mg/kg). Control animals received volume-matched saline

injections via the IP route.
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Mice were closely monitored following treatments. Humane endpoints were defined by the
University of Manitoba’s Animal Care Committee as a >20% reduction in peak body weight or the
onset of significant clinical deterioration, including neurological symptoms (e.g., paralysis, head
tilt, seizures) or signs of pain and distress. Once humane endpoints were reached, animals were
anesthetized, perfused with formalin, and their brains were harvested. Tissues were post-fixed in
10% neutral-buffered formalin for 5-7 days prior to paraffin embedding, sectioning, and slide

preparation for histopathological and immunohistochemical analyses.

2.4.3. G3 MB Survival Studies
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Figure 6: In vivo experimental design used for survival studies.

For survival studies, a similar protocol was followed. NSG mice (7-9 weeks old) were
engrafted orthotopically with 1 x 10° HD-MBO3 cells suspended in 5 uL PBS under stereotactic
guidance. On day 7 post-engraftment, animals were randomized into three treatment groups: 1.
placebo controls, 2. CRT, and 3. CRT + Saracatinib combination therapy. CRT-treated animals

received craniospinal irradiation and chemotherapy as described above. Mice in the combination
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therapy group also received Saracatinib (40 mg/kg) by oral gavage every other day (QOD) starting
on day 8 (1 day after irradiation) and continuing until endpoint. Saracatinib was prepared in a 0.5%
methylcellulose (Millipore Sigma, Cat. # H7509-25G) suspension. Control animals received
volume-matched vehicle treatments, consisting of saline I.P. injections and oral gavage with 0.5%
methylcellulose containing no active drug.

Animals in all groups were weighed and monitored daily for signs of morbidity and
neurological deficits. Humane endpoint criteria were applied as described above. One mouse in
the CRT group died from complications unrelated to experimental treatments and was excluded
from survival analysis. At the time of sacrifice, mice were perfused with formalin, and brains were

collected, fixed, embedded, and sectioned for subsequent histopathological evaluation.

2.4.4. T2 MRI Imaging

T2-weighted MRI was performed using a cryogen-free 7T FlexiScan system (MR
Solutions, Guildford, Surrey, UK) to monitor tumor growth non-invasively. Tumor volumes were
calculated from the acquired MRI images using ImagelJ software. For each sample, 18 consecutive
coronal sections (300 um thickness) were analyzed, and the tumor area in each slice was delineated
using the freehand selection tool. The volume of each section was calculated, and the total tumor
volume was determined by summing the volumes of all individual slices, providing an accurate

estimate of overall tumor burden.

2.4.5. Tissue Processing and Immunofluorescence

Paraffin-embedded tissue sections were first dewaxed to remove the embedding medium.
Slides were incubated in an oven at 60 °C for 30 minutes or until the paraffin layer was visibly
melted. Dewaxing was further achieved by immersing the slides in four consecutive xylene

washes, each for 5 minutes, to ensure complete removal of paraffin. Following dewaxing, the tissue
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sections were rehydrated through a graded ethanol series. Slides were first immersed in two
successive washes of 100% ethanol for 1 minute each, followed by 95% ethanol for 1 minute, 70%
ethanol for 1 minute, and finally rinsed under running tap water for 1 minute at room temperature.

Antigen retrieval was performed using citrate buffer (diluted 1x from a 10x stock; Sigma-
Aldrich, Cat. # C9999). Slides were submerged in preheated citrate buffer (95—-100 °C) and heated
in a microwave for 20 minutes. Slides were then allowed to cool gradually in the citrate buffer to
room temperature. Following antigen retrieval, slides were washed twice in 1x PBS for 2 minutes
each to remove residual buffer.

To block non-specific binding, slides were incubated with 10% sheep serum in a humidity
chamber at room temperature for 45 minutes. After blocking, excess solution was gently removed,
and primary antibodies diluted in 1% sheep serum were applied to the tissue sections. Slides were
incubated in a covered hydration chamber at 4 °C overnight to allow specific binding of primary
antibodies.

The following day, slides underwent three washes in 1X PBST for 5 minutes each to
remove unbound primary antibodies. Secondary antibodies, diluted 1:200 in PBST, were then
applied and incubated in a covered hydration chamber for 1 hour and 30 minutes at room
temperature. Three additional 5-minute washes in 1X PBST removed excess secondary antibody.
Slides were immediately mounted using ProLong™ Diamond Antifade Mountant with DAPI
(Invitrogen, Cat. # P36971) and covered with glass coverslips (Sigma Aldrich, Cat. #
CLS29752230) to preserve fluorescence and counterstain nuclei.

Fluorescent images were captured using a Zeiss Axiolmager Z2 microscope within the
Quantitative Imaging, Phenotyping and Sorting (QuIPS) Platform at the Paul Albrechtsen

Research Institute, CancerCare Manitoba. Quantification of fluorescence intensity was performed
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using ImagelJ software (National Institutes of Health). For single-cell correlation analyses, tissue
sections were segmented under DAPI guidance, and the mean gray value per cell was measured.
For overall fluorescence assessment, full-tissue scans were analyzed to quantify total fluorescent

signal intensity across the tumor section.

ANTIGEN HOST DILUTION SOURCE Cat. No.
p-SRC Rabbit 1:50 R&D systems AF2685
Total SRC Rabbit 1:400 Cell Signaling 2109S
SOX2 Mouse 1:400 Novus Biologicals NBP2-29623
TUBB3 Mouse 1:21 R&D systems MABI1195
Cleaved Caspase-3 Mouse 1:50 R&D systems MAB&35
RIP3K Rabbit 1:400 Cell Signaling 957028
IBA1/AIF-1 Rabbit 1:800 Cell Signaling 208258

Table 4. List of primary antibodies used for Inmunofluorescence used in this study.

ANTIGEN HOST DILUTION SOURCE Cat. No.
ALEXA FLUOR
647-CONJUGATED Goat 1:100 Jackson 115-605-003
ANTI-MOUSE Immunoresearch
ALEXA FLUOR
594-CONJUGATED Goat 1:100 Jackson 111-585-144
ANTI-RABBIT Immunoresearch

Table 5. List of secondary antibodies used for immunofluorescence in this study.

2.4.6. Bielschowsky Silver Staining

Neuronal fibers were visualized using the Bielschowsky Silver Stain Kit (Abcam,

Cambridge, UK, Cat. No. ab245880) according to the manufacturer’s protocol. After
deparaffinization in an oven at 60 °C for 30 minutes or until the paraffin layer was visibly melted,
slides were hydrated by washing 3 times in distilled water for 3 minutes each. A staining jar

containing 25 mL of 20% Silver Nitrate Solution (provided with the kit) was pre-warmed in a
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water bath for 10 minutes, and slides were incubated for 15 minutes at 40 °C. Tissue slides were
rinsed in 4 changes of distilled water for 5 minutes each, then incubated in Ammoniacal Silver
Solution (provided with the kit) for 10 minutes at 40 °C. Afterward, slides were placed in the
Developer Solution with gentle agitation until a yellow-brown coloration appeared (5-20 s), then
transferred to Ammonia Water for 30 seconds. Slides were fixed in 5% Sodium Thiosulfate
Solution (provided with the kit) for 2 minutes, rinsed, dehydrated in ethanol, and mounted with
Parmount (Fisher Scientific) using glass coverslips (Sigma Aldrich, Cat. # CLS29752230). Images

were captured using a Zeiss Axio Imager.

2.5. Declaration of Generative Al and AI-Assisted Technologies

No generative Al tools were utilized in the conceptualization, data analysis, or drafting of
this thesis. The use of Al-assisted technologies was strictly limited to refining grammar, syntax,
and linguistic clarity to improve the overall readability of the text. The thesis was thoroughly

reviewed and remains the sole responsibility of the author.

2.6. Statistical Analysis

All data analyses were performed using Microsoft Excel and GraphPad Prism software.
Unless otherwise indicated, error bars represent the mean + standard error of the mean (SEM).
Statistical comparisons were conducted using either an unpaired two-tailed Student’s t-test or one-
way or two-way analysis of variance (ANOVA), followed by either a Fisher's Least Significant
Difference (LSD) test or, when all pairs of datasets were compared, Tukey’s multiple comparisons
test was performed. When every mean was only compared to the control mean, Dunnett’s multiple
comparisons test was performed, as specified in the corresponding figure legends. For all tests, a

p-value of <0.05 was considered statistically significant.
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CHAPTER 3. RESULTS

3.1. Therapy-resistant G3 MB cells exhibit elevated SRC phosphorylation

To evaluate the cellular signaling adaptations driving recurrence and therapy resistance in
G3 MB, we used a clinically relevant CRT regimen that mimics the patient's standard-of-care
treatment. Three patient-derived G3 MB cell lines (HD-MB03, SU MB002, and MB3W1) were
treated with 2 Gy radiation followed by cisplatin (200 nM) and vincristine (0.5 nM) treatment.
Following treatment, dead cells were removed via magnetic bead sorting, yielding a cell population

that survived CRT treatment (Figure 4).

These persistent cell populations were re-challenged with either 2 Gy RT or higher doses
of chemotherapeutic agents (500 nM cisplatin or 1 nM vincristine). Quantification of cell viability
via the PrestoBlue metabolic assay revealed that the persistent cells exhibited a significant
reduction in sensitivity compared with therapy-naive cells (Figure 7). This divergence confirms
the establishment of a CRT-resistant (CRT-Res) phenotype, providing a robust in vitro
experimental model for exploring the signaling architectures specifically associated with acquired
therapy resistance.
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Figure 7: Validation of CRT-Resistance phenotype in G3 MB cells.

Cell viability of therapy-naive and CRT-ResHD-MBO03, SU MB002, and MB3W1 G3 MB cells following treatment
with 2 Gy RT, Cisplatin (500 nM), or Vincristine (1 nM) measured using PrestoBlue. Data represent mean + s.e.m;
from n = 3 experimental replicates. Unpaired two-tailed t-tests.
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Following validation of the CRT-Res phenotype, we sought to map the specific kinase
signaling adaptations in these cells. We employed a proteome profiler phospho-kinase array to

simultaneously screen the phosphorylation status of 37 distinct kinases (Appendix Figure 1).

Densitometric analysis of the array dot blots revealed a significant and consistent
upregulation of SRC phosphorylation at its activating residue, tyrosine 419 (p-SRC Y419), in CRT-
Res SU MBO002 cells (Figure 8 A-B, Appendix Figure 2A). This robust activation identified SRC
as a primary signaling junction altered during therapy resistance. Beyond SRC itself, we observed
increased phosphorylation in several key downstream effectors of the SRC pathway, p-Lyn, p-

PYK2, and p-PLC-y1 (Figure 8 A-B, Appendix Figure 2A).

Interestingly, while SRC signaling was significantly enriched, canonical oncogenic
pathways frequently implicated tumor progression, including p-AKT, p-ERK1/2, and p-JNK, and
total p-tyrosine levels remained unaffected by the CRT regimen'® (Figure 8 A-B and Appendix
Figure 2B). This divergence suggests that the transition to a resistant state in G3 MB is not driven
by a generalized stress response, but rather by a specific, central adaptation of the SRC signaling

architecture.
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Proteome Profiler Phospho-Kinase Array
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Figure 8: Therapy-resistant G3 MB cells exhibit elevated SRC phosphorylation.

(A) Quantification of Proteome Profiler Phospho-Kinase array results from n = 4 experimental replicates,
densitometry quantification measurement normalized to the internal membrane reference spots, presented as mean +
s.e.m; unpaired two-tailed t-tests. (B) Representative dot blots of p-SRC (Y419), p-Lyn (Y397), p-PYK2 (Y402), p-
PLC-y1(Y783), p-AKT1/2/3 (S473), p-ERK1/2 (T202/Y204, T185/Y185), and p-JNK1/2/3 (T183/Y 185,
T221/Y223) spots from the phospho-kinase array membranes comparing therapy-naive and CRT-Res SU_MB002
G3 MB cells.
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These elevated levels of phosphorylated-SRC (p-SRC) were not limited to just one model;
they were consistently observed across all three independent G3 MB cell lines (Figure 9). Our
initial findings collectively suggest that enhanced SRC signaling is a conserved adaptive
mechanism that enables G3 MB cells to survive CRT treatment. Consequently, SRC activation
may play a crucial role in driving therapy resistance and could be a key factor contributing to

recurrence in this aggressive G3 MB.
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Figure 9: p-SRC Upregulation Across Three CRT-Resistant G3 MB Cell Lines.

Immunoblot of p-SRC (Y419) and total SRC in therapy-naive and CRT-Res HD-MBO03, SU_MBO002, and MB3W1
G3 MB. Graphs represent densitometry quantification measurement normalized to the total protein stain of p-
SRC/total SRC from n = 3 experimental replicates presented as mean + s.e.m; unpaired two-tailed t-tests.

3.2. Recurrent G3 MB tumors exhibit increased SRC phosphorylation in vivo

To determine whether the signaling changes observed in vifro are merely temporary
responses to acute therapeutic stress or represent long-lasting adaptations that persist in recurrent
tumors in vivo, we used two PDOX models. In these models, HD-MBO03 and SU MBO002 cells
were xenografted into the cerebellum of NSG mice. Once the tumors were established, the animals
underwent an in vivo adapted CRT regimen designed to mimic the treatment received by the MB
patient. This treatment included craniospinal radiation (2 Gy), followed by intraperitoneal cisplatin

(2.5 mg/kg) and vincristine (0.4 mg/kg) (Figure 5).
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Initially, CRT treatment produced a robust therapeutic response, with significant tumor
regression compared with untreated, therapy-naive control groups. However, despite this early
response, CRT-treated mice eventually developed large, progressive tumors, effectively
recapitulating the clinical phenomenon of disease relapse in vivo (Figure 10). IF analysis of
paraffin-embedded tumor tissues revealed marked upregulation of p-SRC levels in recurrent

tumors from the CRT-treated cohort compared with naive controls (Figure 11A-B).

PDOX Xenograft Tumors

Day 17 MRI Day 22 MRI

Therapy-naive tumor CRT-treated tumor CRT-treated recurrent tumor

‘‘‘‘‘

Figure 10: T2-weighted MRI showing therapy-naive, CRT-treated, and recurrent tumors.
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HD-MBO03 G3 MB in vivo xenograft tumors
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Figure 11 : Recurrent G3 MB tumors exhibit increased SRC phosphorylation in vivo

A-B Representative IF images of p-SRC (Y419) (red), total SRC (magenta), and DAPI-stained DNA (blue) in (A)
HD-MBO03 and (B) SU MBO002 therapy-naive control tumors and CRT-treated recurrent tumors. Box-and-whisker
plots show quantification of fluorescent intensity from » =4 tumor samples per group, with a solid line at the mean;
unpaired two-tailed t-test.
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To further strengthen the clinical relevance of our findings, we examined SRC activation
in patient-derived primary (D425) and relapsed (D458) G3 MB samples from the same individual.
Our Western blot analysis revealed a dramatic increase in both total and p-SRC protein levels in
the recurrent D458 sample (Figure 12A). To determine whether this trend extended to a broader
patient population, we interrogated a publicly available gene expression dataset of paired primary
and recurrent G3 MB patient samples. Although total SRC mRNA expression did not show
significant elevation, the overall SRC activity signature, a more robust measure of kinase signaling

output, was noticeably upregulated in the recurrent patient samples (Figure 12B).

Taken together, our in vivo results closely align with our in vitro observations, providing
strong evidence that p-SRC upregulation following CRT treatment is not just a transient stress
response; rather, it appears to be a long-lasting signaling adaptation maintained in vivo. These
findings underscore the potential role of sustained p-SRC upregulation as a key factor driving

recurrence in G3 MB.
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Matched Primary and Recurrent G3 MB
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Figure 12: Elevation of SRC signaling in a recurrent G3 MB patient sample.

(A) p-SRC (Y419) and total SRC immunoblots in CRT-treated matched primary (D425) and recurrent (458) G3 MB
cells. Graph represents densitometry quantification measurement normalized to the total protein stain of p-SRC/total
SRC from n = 3 experimental replicates, presented as mean * s.e.m; unpaired two-tailed t-tests. (B) Violin plot
representing SRC expression and SRC activity signature abundance based on the GAUTSCHI_SRC_SIGNALING
gene set in the data set from Okonechnikov K. et al. 2023. The Wilcoxon test was used for statistical analysis, and
Cohen’s d was used to measure effect size.

3.3. CRT-induced SRC activation is a G3 MB tumor- and subgroup-specific response

To determine whether SRC activation is a generalized response to CRT across all MB
subgroups, we evaluated its occurrence in the SHH subgroup, which typically has a more favorable
clinical prognosis®" 3. Using both the well-established DAOY cell line and the patient-derived

SHH MB cell line BT99, we applied the same in vitro CRT protocol previously utilized for our G3

53



MB experiments (Figure 4). Western blot analysis of the surviving cell fraction revealed that, in

contrast to G3 MB, viable SHH MB cells did not exhibit any upregulation of p-SRC (Figure 13A).

Given that elevated SRC expression is a recognized hallmark of G4 MB!!°, we investigated
how CRT affects SRC activity in the D283 MB cell line, which has been previously classified as
G4 MB. Interestingly, following CRT treatment, both total and p-SRC levels decreased
significantly in G4 cells (Fig. 13B). This suggests that G4 tumors employ an adaptive strategy
distinct from that of G3 MB. These results imply that SRC activation could be a G3 MB subgroup-
specific mechanism of resistance, which may explain why these patients often face a more

challenging prognosis.

It is critical to determine whether healthy cell populations use similar survival mechanisms
following CRT, as damage to the normal brain, particularly to astrocytes and NSCs, is a primary
driver of the long-term neurocognitive deficits seen in MB survivors™ 3% ! To investigate this,
we examined p-SRC levels in normal human astrocytes and in NSCs, which were subjected to the
same CRT protocol used for our G3 MB models (Figure 4). Notably, these non-malignant cells
showed no increase in p-SRC levels post-treatment (Figure 13C), indicating that this signaling
shift is a tumor-specific adaptation rather than a general physiological response to the treatment.
These findings suggest that targeting CRT-mediated SRC could be a promising therapeutic strategy

to selectively eliminate recurrent G3 MB while preserving the integrity of the developing brain.

54



Sonic Hedgehog (SHH) MB Cells

DAOY BT992 DAOY BT992
- + - + CRT-Res —_ -—
§ " - 03082 § " p=0.9330
63 w - ® —
$E 1.0 SE 1.0-
co c®
3 £s £3
- ‘ £ | Total Protein Q> Q>
T = T =
S 2 0.5 5 e 0.5=
63 w g v E
- = | Total SRC s 2
2 2
S — 8 0.0 T 8 0.0~
E !' ~ | Total Protein -+ CRT-Res -+ CRT-Res
p-SRC/ p-SRC/
Total SRC Total SRC
B Group 3/4 (G3/4) MB Cells
D283
Mw
- + CRT-Res
(kDa) . 15
2 P <0.0001
S g PTS B la.
SE 1.0
S
ﬁ Total Protein £ &
i 9 Fald
=)
63_[ ,,ﬁ E g 0.5 =
‘ Total SRC S
—
S 0.0
Total Protein + - CRT-Res
p-SRC/
Total SRC
Normal Human Brain Cells
Human Human Neural
Ast:'joc vios Stem Cells Human Human
(NSCs) Astrocytes NSCs
MW
(kDa) * -t Rt § 57 p=o0.d071 5 157
63 = —_ = P =0.3263
i o E 10— SE 1.0-
. g8 58
2 Total Protein 3} g 5¢
| S 3£ 32
5@ 0.5 =1 °  0.5=
63 wE v
Total SRC 2 2
c
g 0.0~ 8 0.0~
- - Total Protein - +CRT - +CRT
p-SRC/ p-SRC/
Total SRC Total SRC

Figure 13: CRT-induced SRC activation is a G3 MB tumor- and subgroup-specific response.

A-C. p-SRC (Y419) and total SRC immunoblots in CRT-treated (A) SHH MB cells (DAOY and BT992), (B) G3/G4
MB cells (D283), and (C) normal human brain cells (human astrocytes and human NSCs). Graphs represent
densitometry quantification measurement normalized to the total protein stain of p-SRC/total SRC from n = 3

experimental replicates presented as mean + s.e.m; unpaired two-tailed t-tests.

55



3.4. SRC activation supports stem-like properties in therapy-resistant G3 MB cells

Our findings establish that SRC activation is a specific, conserved adaptation in G3 MB
cells following CRT that persists throughout tumor recurrence in vivo as well. To build on this, we
investigated the molecular and phenotypic consequences of this activation in CRT-Res G3 MB
models. SRC is a versatile kinase known to orchestrate diverse cellular processes, including the
maintenance of stemness”>*%; however, its specific contribution to G3 MB relapse remains poorly
understood. In many malignancies, the presence of undifferentiated, stem-like cell populations is
a primary driver of aggressive behavior, metastatic potential, and therapeutic failure. Given these
associations, we sought to determine whether SRC signaling is a key mediator in the acquisition

of these stem-like properties following CRT.

Comparative Western blot profiling of therapy-naive and CRT-Res HD-MBO03 and
SU_MB002 G3 MB models revealed a marked enrichment of a core stemness signature following
CRT. We observed a significant upregulation of several essential pluripotency transcription factors,
including SOX2, octamer-binding transcription factor 3/4 (OCT3/4), and the homeobox protein
NANOG (Figure 14, Appendix Figure 3). Furthermore, this stem-like shift was accompanied by
the robust activation of the Signal Transducer and Activator of Transcription 3 via phosphorylation
at its critical tyrosine residue 705 (p-STATE3 Tyro 705) (Appendix Figure 3). In parallel with
these transcription factors, we detected the stemness-associated activation of the Notch signaling
axis. This was evidenced by the increased proteolytic processing of NOTCHI1 into its constituent
ligand-binding extracellular (NEC) and transmembrane/cytoplasmic (NTM) domains (Figure 14).
The concurrent elevation of the SOX2-OCT4-NANOG triad, alongside activated STAT3 and
NOTCH]1, suggests that G3 MB cells undergo a comprehensive molecular reprogramming toward

a highly undifferentiated and resilient state in response to therapeutic pressure.
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Conversely, the neuronal differentiation marker TUBB3, a definitive indicator of terminal
lineage commitment, was significantly downregulated in CRT-Res G3 MB cell population (Figure
14). The loss of TUBB3 expression, paired with the robust induction of the SOX2-NOTCH]1 axis,
indicates a profound shift away from neuronal maturation toward a primitive, less differentiated
state. This molecular transition highlights a gain in cellular plasticity in response to therapeutic
pressure. By reverting to a stem-like phenotype, these cells acquire enhanced survival and self-

renewal capacities, enabling clinical recurrence and resistance to multimodal treatment.
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Figure 14: CRT-Resistant cells exhibit stem-like features and reduced differentiation.

Immunoblots of p-SRC (Y419), total SRC, SOX2, NOTCHI1 (full length and NTM), and TUBB3 expression in CRT-
Res HD-MBO03 and SU_MBO002 cells. Graphs represent densitometry quantification measurement of SOX2, NOTCH1
(NTM), and TUBB3, normalized to the total protein stain in therapy-naive and CRT-Res HD-MBO03 and SU_MB002
cells from n = 3 experimental replicates, presented as mean =+ s.e.m; unpaired two-tailed t-test

Similar results were observed in the HD-MB03 and SU MB002 PDOX models when
comparing IF images from therapy-naive and recurrent tumors, where recurrent tumors showed an

upregulation of SOX2, along with a notable downregulation of TUBB3 (Figure 15 A-B). This
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molecular pattern further confirms that CRT treatment promotes a shift away from neuronal
differentiation toward a more stem-like and plastic state, ultimately enhancing tumor cell survival,
resistance, and recurrence.

A HD-MBO03 G3 MB in vivo xenograft tumors

[ Therapy-naive
= CRT-treated Recurrent

Therapy-naive CRT-treated
Control Tumors Recurrent Tumors

SOX2
P =0.0277
3000

2500 &
2000 @

1500 T T

3500

SOX2

Fluorescent Intensity

1600 TUBB3
P =0.0038

1400 =

1000 g

800 T T

Fluorescent Intensity

Scale bar: 100 ym

DNA (Blue)
B SU_MBO002 G3 MB in vivo xenograft tumors
B O Therapy-naive
Therapy-naive CRT-treated E CRT-treated Recurrent
Control Tumors Recurrent Tumors
SOX2
5000 P =0.0300
2
7]
5 4000
SOX2 £
( ) £ 3000
[
o
7]
o 2000 ﬁ
o
2
L 1000 T T
5000 TUBB3
2 P =0.0345
2
TUBB3 g 4000
( €
[
2 3000 %
<
o
2
0 P L 2000 T

DNA (Blue) Scale bar: 100 ym N

Figure 15: Recurrent tumors exhibit stem-like features and reduced differentiation.

A-B IF images of (A) HD-MBO03 and (B) SU MBO002 tumors from therapy-naive and CRT-treated recurrent tumors
stained with SOX2 (green) and TUBB3 (yellow) with DAPI (blue). Box-and-whisker plots of fluorescent intensity
from n = 4 tumor samples per group, with a solid line at the mean, unpaired two-tailed t-test.
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To investigate whether SRC is required for the maintenance of enhanced stemness in CRT-
Res G3 MB cells, we established a DOX-inducible, Tet-ON Cas9-mediated SRC knockout (KO)
system in HD-MBO03 and SU MBO002 lines. Utilizing two independent SRC-targeting gRNAs
(sgSRC) clones. Following CRT administration, we isolated viable CRT-Res populations that
harbored the inducible constructs. These cells were then treated with DOX, which successfully
depleted both total SRC and p-SRC, correlating with a global reduction in phosphotyrosine levels

(Figure 16-17, Appendix Figure 4).

Critically, SRC depletion led to downregulation of key stemness markers, including SOX2,
OCT4, NANOG, and NOTCHI-NTM, and reduced p-STAT3 (Figure 16-17, Appendix Figure
4). This loss of progenitor identity was accompanied by the restoration of the neuronal
differentiation marker TUBB3 (Figure 16-17), suggesting that SRC activity is essential for

preserving the undifferentiated state of CRT-Res G3 MB cells.

Furthermore, the effects of SRC depletion on stemness were also assessed using
tumorsphere formation assays, a well-established method for evaluating the self-renewal capacity
of cancer stem-like cells. The SRC KO resulted in a significant reduction in the number of primary
tumorspheres and a diminished ability of the cells to generate secondary tumorspheres upon
passaging (Figure 18-19).

Importantly, the observed phenotype was reversible; re-expressing active SRC via gain-of-
function OE in the SRC KO CRT-Res G3 MB cells restored both stemness marker expression and
the capacity for tumorsphere formation (Figure 20A-B). Conversely, the neuronal differentiation
marker TUBB3 was downregulated upon SRC restoration (Figure 20A). These results highlight a
critical and direct role for SRC in maintaining the stem-like state of G3 MB cells following CRT

treatment.
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Figure 16: SRC depletion suppresses stem-like features and promotes neuronal differentiation.

Immunoblots of Cas9, p-SRC (Y419), total SRC, SOX2, NOTCH1 (full length and NTM), and TUBB3 in CRT-Res
HD-MBO03 and SU_MBO002 cells expressing Tet-ON Cas9 sgSRC #] treated with DOX to induce SRC KO. Graphs
represent densitometry quantification measurement of SOX2, NOTCH1 (NTM), and TUBB3, normalized to the total
protein stain levels from n = 3 experimental replicates, presented as mean =+ s.e.m; unpaired two-tailed t-test
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Figure 17: SRC depletion suppresses stem-like features and promotes neuronal differentiation.

Immunoblots of Cas9, p-SRC (Y419), total SRC, SOX2, NOTCHI1 (full length and NTM), and TUBB3 in CRT-Res
HD-MBO3 cells expressing Tet-ON Cas9 sgSRC #2 treated with DOX to induce SRC KO. Graphs represent
densitometry quantification measurement of p-SRC/Total SRC, SOX2, NOTCH1 (NTM), and TUBB3 normalized to
the total protein stain levels from »n = 3 experimental replicates, presented as mean + s.e.m; unpaired two-tailed t-test.
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Figure 18: SRC KO impairs self-renewal capacity in CRT-Resistant G3 MB cells.

A-B Primary and secondary tumorsphere formation assay from CRT-Res (A) HD-MBO03 and (B) SU_MBO002 cells
expressing Tet-ON Cas9 sgSRC #/ treated with DOX to induce SRC KO. A violin plot represents the quantification
of the total sphere number from n =7 replicates, with dashed lines at the mean and quartiles; an unpaired two-tailed t-
test.
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Figure 19: SRC KO impairs self-renewal capacity in CRT-Resistant G3 MB cells.

Primary and secondary tumorsphere formation assay from CRT-ResHD-MBO3 cells expressing Tet-ON Cas9 sgSRC
#2 treated with DOX to induce SRC KO. A violin plot represents the quantification of the total sphere number from n
=7 replicates, with dashed lines at the mean and quartiles; an unpaired two-tailed t-test.
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Figure 20: SRC restoration rescues stemness and suppresses neuronal differentiation in SRC-KO CRT-

Resistant G3 MB cells.

(A) Immunoblots of Cas9, p-SRC (Y419), total SRC, SOX2, NOTCHI1 (full length and NTM), and TUBB3 in CRT-
Res HD-MBO3 cells expressing Tet-ON Cas9 sgSRC #1 treated with DOX and transfected with SRC OE. Graphs
represent densitometry quantifications of p-SRC/total SRC, SOX2, NOTCH1 (NTM), and TUB33 levels from n =3
experiments; mean + s.e.m. two-way ANOVA with Tukey’s test. (B) Tumorsphere formation assay from CRT-Res
HD-MBO03 expressing Tet-ON Cas9 sgSRC #1 treated with DOX and transfected with SRC OE, Violin plot represents
quantification of total sphere number from n =7 replicates, with dashed lines at the mean and quartiles; two-way

ANOVA with Tukey’s test
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Given the established link between stemness and invasive tumor characteristics, along with

B3% 3158 we assessed the role of SRC in promoting

high metastatic rates in recurrent G3 M
migratory capacity. We conducted transwell migration assays on CRT-Res SRC KO HD-MBO03 and
SU MBO002 cells that expressed GFP for lineage tracking, to determine their ability to migrate

across a permeable membrane barrier. Consistent with the observed loss of stemness markers, SRC

KO also inhibited the migratory ability of CRT-Res G3 MB cells (Figure 21).
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Figure 21: SRC depletion suppresses cell migration in CRT-Resistant G3 MB cells.

Representative images and quantification of migration assays in HD-MBO03 and SU_MBO002 cells expressing Tet-ON
Cas9, sgSRC #I, and GFP, treated with DOX to induce SRC KO. Box-and-whisker plots represent quantification of
migrated cells from n = 8 replicates, with a solid line at the mean, unpaired two-tailed t-test.

Collectively, these results indicate that SRC plays a crucial role in maintaining the

undifferentiated, stem-like characteristics and aggressive migration of therapy-resistant G3 MB
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cells. By sustaining stemness and inhibiting differentiation, SRC enables tumor cells to retain their

plasticity and invasive behavior following CRT.

3.5. Loss of SRC promotes cell death via apoptotic and necroptotic pathways in therapy-
resistant G3 MB

So far, our findings indicate that SRC plays a pro-tumorigenic role in maintaining the
aggressive stemness and migratory characteristics of CRT-Res G3 MB cells. While many studies
have linked SRC to cell proliferation, survival, and stemness, it is clear that SRC’s effects are
highly context-dependent. Research suggests that SRC signaling can either promote tumor cell

growth or induce cell death!'?"!'*, depending on specific cellular and environmental conditions.

To explore the role of SRC on the viability of CRT-Res G3 MB cells, we conducted
viability assays following SRC KO in CRT-Res HD-MB03 and SU MBO002 cells. Both Trypan
blue exclusion assays and PrestoBlue metabolic viability assays consistently showed that the loss

of SRC significantly reduced cell number and overall viability (Figure 22A-C).
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Figure 22: Impaired growth and viability following SRC KO in CRT-Resistant G3 MB cells.

A-B Cell count analysis of (A) CRT-Res HD-MB03 and SU_MBO002 cells expressing Tet-ON Cas9 sgSRC #/ and (B)
CRT-Res HD-MBO03 cells expressing Tet-ON Cas9 sgSRC #2 treated with DOX to induce SRC KO. Graph represents
fold-change in cell number of SRC KO cells (+DOX) compared to controls (-DOX). Data presented as mean + s.e.m;
from n = 3 experimental replicates; unpaired two-tailed t-test. (C) PrestoBlue viability analysis of CRT-Res HD-MB03
and SU MBO002 cells expressing Tet-ON Cas9 sgSRC #1 treated with DOX to induce SRC KO. Graphs represent
fluorescent PrestoBlue signal in SRC KO cells (+DOX) compared to controls (-DOX). Data presented as mean + s.e.m.
from n = 4 experimental replicates; unpaired two-tailed t-test.

To gain further insight into the mechanism underlying SRC-depletion-mediated cell death,
we evaluated activation of both the apoptosis and necroptosis pathways. CRT-Res HD-MBO03 and
SU MBO002 cells expressing Tet-ON Cas9 sgSRC #1 and #2 were treated with DOX. In western
blot, we found evidence of apoptosis, as demonstrated by the activation of cleaved caspase-3

(Figure 23A-B), a primary executioner caspase responsible for dismantling cellular architecture
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during programmed cell death. This activation of caspase-3 was accompanied by cleavage of poly
(ADP-ribose) polymerase-1 (PARP-1), a nuclear enzyme involved in DNA repair; cleavage of
PARP-1 serves as a biochemical marker of apoptosis (Figure 23A-B). Simultaneously, necroptosis
was also triggered as indicated by increased expression of receptor-interacting protein kinase 3
(RIP3K) (Figure 24A-B), a signaling kinase that is part of the necrosome complex. This complex
leads to necroptotic cell death when caspase activity is deficient or inhibited. The coordinated
induction of cleaved caspase-3 and PARP-1 alongside RIP3K demonstrates that the loss of SRC

activates both the apoptosis and necroptosis programmed cell death pathways simultaneously.
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Figure 23: SRC depletion drives programmed cell death via apoptosis in CRT-Resistant G3 MB cells.

A-B Immunoblot of Cas9, p-SRC (Y419), total SRC, pro-caspase-3, cleaved caspase-3, full-length PARP1, and
cleaved PARP1 in (A) CRT-Res HD-MBO03 and SU _MBO002 cells expressing Tet-ON Cas9 sgSRC #[ and (B) CRT-
Res HD-MBO03 cells expressing Tet-ON Cas9 sgSRC #2 treated with DOX. Graphs represent densitometry
quantification measurement of cleaved caspase-3, and cleaved PARP1 normalized to the total protein stain levels from
n =3 experimental replicates, presented as mean + s.e.m; unpaired two-tailed t-test.
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Figure 24: SRC Depletion Drives Programmed Cell Death via Necroptosis in CRT-Resistant G3 MB Cells.
A-B Immunoblot of Cas9, p-SRC (Y419), total SRC, and RIP3K in (A) CRT-Res HD-MBO03 and SU_MBO002 cells
expressing Tet-ON Cas9 sgSRC #/ and (B) CRT-Res HD-MBO03 cells expressing Tet-ON Cas9 sgSRC #2 treated with
DOX. Graphs represent densitometry quantification measurement of RIP3K normalized to the total protein stain levels
from n = 3 experimental replicates, presented as mean + s.e.m; unpaired two-tailed t-test.

To further validate these findings, we pharmacologically inhibited the apoptotic and
necroptotic pathways in SRC-depleted cells. CRT-Res HD-MBO03 and SU_MBO002 expressing Tet-
ON Cas9 sgSRC #1 cells were treated with DOX to induce SRC KO and co-administered with
either the pan-caspase inhibitor Z-VAD-FMK or Necrostatin-1 (Nec-1), a necroptosis inhibitor.

Western blot analysis confirmed that Z-VAD-FMK successfully abrogated caspase-3 activation
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and subsequent PARP-1 cleavage, while Nec-1 treatment effectively reduced RIP3K expression
(Figure 25). To assess the functional impact on cell survival, we performed trypan blue exclusion
assays. Consistent with our western blot data, pharmacological blockade of either apoptotic or
necroptotic signaling significantly rescued the viability of SRC KO cells (Figure 26A-B),
suggesting that SRC depletion induces cell death through both pathways.

The functional necessity of SRC was further validated by re-expressing the active SRC in
SRC KO CRT-Res G3 MB cells. The restoration abrogated the induction of pro-apoptotic and
necroptotic markers while effectively restoring cell viability (Figure 27A-B). These rescue data
underscore that the activation of these programmed cell death pathways is a direct consequence of
SRC depletion, identifying SRC as a critical survival factor in therapy-resistant G3 MB.

Overall, these data demonstrate that SRC is essential for the survival of CRT-Res G3 MB
cells by actively suppressing programmed cell death. In the absence of SRC, cells undergo both
apoptosis, mediated by Caspase-3 and PARP-1, and necroptosis, driven by RIP3K signaling. The
activation of these dual mechanisms upon SRC loss underscores a lack of functional redundancy,

identifying SRC as a targetable vulnerability in recurrent G3 MB.
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Figure 25: Pharmacological inhibition of apoptosis and necroptosis reverses cell death markers in SRC KO

CRT-Resistant G3 MB cells.

Immunoblot of pro-caspase-3, cleaved caspase-3, full length PARP1, cleaved PARP1, and RIP3K in CRT-Res HD-
MBO03 and SU_MBO002 cells expressing Tet-ON Cas9 sgSRC #I following DOX-induced SRC KO treated with Z-
VAD-FMK (10 pM) or Nec-1 (10 uM) treatment. Graphs represent densitometry quantification measurements of
cleaved caspase-3, cleaved PARP1, and RIP3K, normalized to total protein levels in CRT-Res HDMBO03 and
SU MBO002 cells from n = 3 experimental replicates, presented as mean + s.e.m; unpaired two-tailed t-test.
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Figure 26: Pharmacological blockade of apoptosis and necroptosis restores cell survival in SRC KO cells.
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A-B Cell count analysis of CRT-Res HD-MBO03 and SU_MBO002 cells expressing Tet-ON Cas9 sgSRC #/ treated with
DOX and (A) Z-VAD-FMK (10 uM) and (B) Nec-1 (10uM) treatment. Graphs represent fold-change in cell number
compared to CRT-Res controls from n = 3 experimental replicates, presented as mean + s.e.m; two-way ANOVA with

Tukey’s test.
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Figure 27: SRC restoration reverses programmed cell death in CRT-Resistant G3 MB cells.

(A) Immunoblot of Cas9, p-SRC (Y419), total SRC, pro-caspase-3, cleaved caspase-3, full length PARP1, cleaved
PARP1, and RIP3K in CRT-Res HD-MBO3 cells expressing Tet-ON Cas9 sgSRC #1 treated with DOX and Transfected
with SRC OE. Graphs represent densitometry quantification measurement of cleaved caspase-3, cleaved PARP1, and
RIP3K normalized to the total protein levels from n = 3 experimental replicates, presented as mean + s.e.m; unpaired
two-tailed t-test. (B) Cell count analysis of CRT-Res HD-MB03 and SU_MBO002 cells expressing Tet-ON Cas9 sgSRC
#1 treated with DOX and transfected with SRC OE. Graphs represent fold change against CRT treatment alone from
n =3 experimental, presented as mean + s.e.m; two-way ANOVA with Tukey’s test.
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3.6. Pharmacological blockade of SRC promotes differentiation and cell death in therapy-
resistant G3 MB cells

Our findings establish SRC as a central orchestrator of therapy resistance and recurrence
in G3 MB. By dismantling the tumor’s core maintenance programs, SRC inhibition does more
than just stop growth; it forces a shift from a primitive, aggressive state toward differentiation and
programmed cell death. This dual action, targeting both survival and stemness in resistant cells,
offers a compelling translational pathway, especially through the repurposing of existing clinical

agents.

To move these insights toward a clinical reality, we systematically evaluated three SRC
inhibitors with unique pharmacological profiles. We prioritized bosutinib and saracatinib for their
critical ability to penetrate the blood-brain barrier (BBB), a prerequisite for effective neuro-
oncology treatment. While bosutinib is already FDA-approved for leukemia and saracatinib is in
advanced clinical trials for other fibrotic diseases (NCT04598919)!'5: 16 their transition to
pediatric brain tumor therapy represents a promising new frontier. Complementing these, we also
employed SU6656!!7, a potent and highly selective compound, to precisely isolate and validate the

mechanistic role of SRC signaling, free from the confounding effects of broader kinase inhibition.

A dose-response assessment of the CRT-Res G3 MB lines, HD-MB03 and SU MB002,
demonstrated significant sensitivity to all three SRC inhibitors (Figure 28). From these data, we
derived the optimal inhibitory concentrations for use in subsequent functional assays.

Immunoblotting validated that these concentrations effectively suppressed SRC phosphorylation

in CRT-Res HD-MBO03 cells (Figure 29).

We next assessed the efficacy of these optimized doses in combination with CRT using

both G3 MB lines and non-malignant controls (human astrocytes and NSCs). The SRC inhibitors
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significantly reduced the survival of CRT-Res cells without inducing significant toxicity in the
non-malignant models (Figure 30). This selective sensitivity underscores a potential therapeutic

window for SRC inhibition in the treatment of recurrent G3 MB.
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Figure 28: Dose—response curves of CRT-Resistant G3 MB cells treated with SRC inhibitors.

Dose-response curves of cell viability measured using PrestoBlue in CRT-Res HD-MBO03 and SU_MBO002 cells treated
with increasing concentrations of saracatinib, bosutinib, or SU6656. Values plotted as mean % of vehicle-treated CRT-
Res controls + s.e.m.
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Figure 29: SRC inhibitors suppress p-SRC in CRT-Resistant G3 MB cells.

Immunoblot of p-SRC (Y419) and total SRC in CRT-Res HD-MBO3 cells treated with SRC inhibitors: saracatinib
(top panel), bosutinib (middle panel), and SU6656 (bottom panel). Graphs represent densitometry quantification
measurement of p-SRC/total SRC normalized to the total protein stain from n = 3 experiments, presented as mean =+
s.e.m.; unpaired two-tailed t-tests.
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Figure 30: Selective cytotoxicity of SRC inhibitors in CRT-Resistant cells, sparing Human Astrocytes and NSCs
Cell viability measured using PrestoBlue in CRT-Res G3 MB cells (HD-MB03, SU_MBO002, and MB3W1) and normal
human brain cells (human astrocytes and human NSCs) treated with saracatinib (10 uM), bosutinib (5 pM), or SU6656
(5 uM). Fluorescent PrestoBlue signal calculated as % of vehicle-treated controls from n = 3 experimental replicates
plotted as mean + s.e.m; using unpaired two-tailed t-tests.

Consistent with results from SRC KO models, pharmacological inhibition of SRC using
Saracatinib in CRT-Res HD-MBO03 cells leads to both apoptotic and necroptotic cell death. This is
evidenced by the cleavage of caspase-3 and PARP-1, along with the accumulation of RIP3K, as
shown by western blot, indicating the activation of both apoptosis and necroptosis (Figure 31). In
addition to cell death, SRC inhibition also alters the molecular pathways that regulate stemness
and differentiation. Treating CRT-Res cells with Saracatinib downregulated SOX2 and NOTCHI,
which are critical regulators of stemness (Figure 32). Meanwhile, there was an observed increase

in the expression of TUBB3, a neuronal differentiation marker (Figure 32).

79



CRT-Res G3MB Celis

HD-MB03
s 3=1 P=10.0015
Mw - 4 Saracatinib (10uM) S
[1+]
(kDa) ]
[
8 -— p-SRC g &
® t¥e]
E 2z
= | T = 1 -
q H - O
g | Total Protein -
(&) 2
§ )
= otal SRC 8 0 I N
'.E - + Saracatinib (10 yM)
O Cl d -3
E‘:’ Total Protein eaved caspase
77

§ 2°7 P <0.0001
Pro-caspase-3 '§ —
& 1.5=
Q =
25
28 104
22
Cleaved caspase-3 32 %
g g 0.5
0 s
5 Total Protein § 0.0 I
§ -+ Saracatinib (10 yM)
| 100_l ™ # | Full Length PARP1 Cleaved PARP1
c 20= P=0.0017
Cleaved PARP1 2 —
3
& 1.5=—
SE
| Total Protein £ s
<0 1.0-
2
23
_.ﬂ 2 E 0.5
3 48 _| ** W= | RIP3K =
<
S 8 00—
] - tinib (10 uM
z | Total Protein —RIP3K+ Saracatinib (10 M)

Figure 31: Saracatinib induces apoptosis and necroptosis in CRT-Resistant G3 MB cells

Immunoblot of p-SRC (Y419), total SRC, pro-caspase-3, cleaved caspase-3, full length PARP1, cleaved PARP1, and
RIP3K in CRT-Res HD-MBO03 and SU_MBO002 cells treated with saracatinib (10 uM). Graphs represent densitometry
quantification measurement normalized of cleaved caspase-3, cleaved PARP1, and RIP3K to the total protein stain
levels from n = 3 experimental replicates, presented as mean + s.e.m; unpaired two-tailed t-test.
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Figure 32: Saracatinib reduces stemness and restores differentiation in CRT-Resistant G3 MB cells

Protein blots of p-SRC (Y419), total SRC, SOX2, NOTCHI1 (full length and NTM), and TUBB3 in CRT-Res HD-
MBO3 cells treated with saracatinib (10 uM). Graphs represent densitometry quantification measurement of SOX2,
NOTCH1 (NTM), and TUBB3 normalized to the total protein stain levels from » = 3 experimental replicates,
presented as mean =+ s.e.m; unpaired two-tailed t-test.

Moreover, the SRC inhibitor Saracatinib diminished the capacity of CRT-Res HD-MB03

cells to form both primary and secondary tumorspheres, indicating a defect in their self-renewal
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potential (Figure 33A). Most importantly, the stem-like properties of human NSCs remained
unaffected by all three SRC inhibitor treatments, suggesting that SRC dependence for self-renewal
is a vulnerability specific to G3 MB cells (Figure 33B). This unique SRC-related vulnerability has
significant clinical implications, as it indicates a lower risk of developmental side effects when

targeting pediatric tumors.

Given the decisive impact of metastasis on patient prognosis*®- 8

, we investigated whether
the SRC inhibitor impairs the migratory behavior of therapy-resistant cells. CRT-Res HD-MBO03
cells expressing GFP were subjected to transwell migration assays. Fluorescence microscopy
revealed that all three inhibitors significantly abrogated the migratory capacity of these cells
(Figure 34), indicating that SRC signaling is essential for maintaining their invasive potential.
Consequently, pharmacological targeting of SRC represents a multi-modal therapeutic strategy as

it not only compromises tumor survival and stemness but also suppresses the migratory

mechanisms that drive distant metastasis, a primary driver of poor outcomes in recurrent G3 MB.
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Figure 33: SRC inhibition impairs self-renewal in CRT-Resistant G3 MB cells but not in Human NSCs

(A) Primary and secondary tumorsphere formation assay of CRT-Res HD-MBO03 cells treated with Saracatinib (10
#M). Violin plot represents quantification of total sphere number from n =7 replicates, with dashed lines at the mean
and quartiles; unpaired two-tailed t-test. (B) Sphere formation analysis of human NSCs treated with Saracatinib (10
4M), Bosutinib (5 uM), or SU6656 (5 uM). Box plot graphs represent quantification of the total sphere number from
n = 4 replicates; one-way ANOVA with Dunnett’s test.
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Figure 34: SRC inhibitors impair the migration of CRT-Resistant G3 MB cells.

Representative images and quantification of migration assays in HD-MBO3 cells treated with Saracatinib (10 uM),
Bosutinib (5 uM), or SU6656 (5 uM). Box plot graphs represent quantification from n = 4 experimental replicates,
with solid line at mean; two-way ANOVA with Tukey’s test.

Collectively, these findings establish a compelling rationale for SRC inhibition as a
transformative therapeutic strategy for therapy-resistant G3 MB. By acting as a central node in the
tumor’s signaling network, SRC allows these cells to evade death and maintain their primitive
state. Our data demonstrate that blocking SRC effectively collapses this network, simultaneously
triggering a dual-mode of cell death, apoptosis and necroptosis, while forcing stem-like cells

toward neuronal differentiation and halting their invasive spread.

Beyond the bench, the clinical potential of this approach is particularly promising. Because
several of these inhibitors are already navigating clinical development or are FDA-approved for
other diseases, they offer a feasible pathway for rapid translation into pediatric neuro-oncology.
Ultimately, this strategy moves us closer to a treatment model that not only improves survival for
children with recurrent disease but does so with a precision that minimizes the devastating

neurodevelopmental toxicities often associated with traditional, more aggressive therapies.
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3.6. In vivo suppression of p-SRC prolongs survival in recurrent G3 MB

To evaluate the therapeutic potential of SRC inhibition in a setting that closely mimics the
clinical reality of patient care, we utilized a PDOX model of HD-MBO03. This allowed us to test a
novel combination regimen: our standard CRT protocol integrated with the BBB-permeable SRC
inhibitor, Saracatinib.

These orthotopic tumors were established by intracerebral injection of HD-MBO3 cells.
Initially, all animals received a primary course of RT to simulate standard clinical care for newly
diagnosed diseases. After this initial RT treatment, the mice were randomized into groups to
receive either 40mg/kg Saracatinib or methylcellulose suspension placebo control every other day
via oral gavage. (Figure 6).

MRI imaging revealed a striking difference in therapeutic response. While animals
receiving only conventional CRT showed aggressive tumor recurrence, mirroring the clinical
challenges seen in G3 MB patients, the addition of saracatinib significantly attenuated tumor
burden (Figure 35), suggesting that SRC inhibition effectively sensitizes resistant cells to standard

multimodal therapy.
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Figure 35: SRC inhibitor in combination with CRT reduces tumor burden in the G3 MB animal model.
Representative T2-weighted MRI images acquired 22 days post-transplant, with tumor margins outlined.
Quantification of tumor volumes across treatment groups (n = 4 for CRT alone, n = 5 for CRT +Saracatinib); unpaired
two-tailed t-test.
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Survival analysis further demonstrated the therapeutic advantage of targeting SRC. In this
highly aggressive in vivo G3 MB model, animals receiving CRT alone showed only a marginal
improvement in median survival (5.5 days) compared to placebo controls (Figure 36). In striking
contrast, the combination of CRT and saracatinib significantly extended median survival by
approximately 8 days relative to the placebo control group.

This CRT + saracatinib combination regimen resulted in an overall survival rate of 47%
compared with placebo controls, while representing about 15% improvement over CRT alone.
Statistical analysis revealed a hazard ratio of 3.070, further validating the efficacy of the dual-
treatment approach. Collectively, these data indicate that pharmacological inhibition of SRC, when
integrated with standard-of-care radiotherapy, provides a superior survival benefit compared to

conventional therapy alone
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Figure 36: Saracatinib prolongs survival in combination with CRT in G3 MB PDOX Mode.
Kaplan-Meier survival curves of mice treated with CRT alone or CRT + saracatinib. P and HR values reflect the
statistical comparison between the CRT-alone and CRT + saracatinib groups, calculated using the logrank method.
The table shows the median survival in days for the Placebo, CRT, and CRT + saracatinib groups.
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Recurrent tumors from both the CRT-only and CRT + saracatinib cohorts were surgically
excised and paraffin-embedded for histological evaluation. A mechanistic assessment of these
tissues confirmed that the systemic administration of saracatinib successfully reached the tumor
site and inhibited its target. IF analysis revealed a marked reduction in p-SRC levels in the
combination treatment group, validating the in vivo pharmacological blockade of SRC signaling
(Figure 37A). To understand the biological drivers of the observed survival benefit, we evaluated
markers of programmed cell death. The combination of saracatinib and CRT triggered a robust
induction of both apoptotic and necroptotic pathways, as evidenced by significantly increased
levels of cleaved Caspase-3 and RIPK3 (Figure 37B).

Beyond promoting cell death, SRC inhibition actively redirected the fate of the surviving
tumor population. IF profiling demonstrated a significant loss of the stemness marker SOX2,
coupled with a compensatory increase in the neuronal differentiation marker TUBB3 (Figure
37C). These findings suggest that the clinical efficacy of this combination therapy stems from a
dual-pronged mechanism: it directly eliminates resistant cells through multiple death pathways
while simultaneously forcing the remaining population toward a more differentiated, less
aggressive state. This effectively exhausts the tumor's self-renewal potential and halts disease

progression.
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Figure 37: Saracatinib enhances cell death, restores differentiation while suppressing stemness in G3 MB
PDOX Mode.

A-C IF images of xenograft tumors from CRT-treated and CRT + saracatinib-treated recurrent tumors labeled with
(A) p-SRC (red), total SRC (magenta), (B) cleaved caspase-3 (yellow), RIP3K (green), (C) TUBB3 (yellow), SOX2
(green), and DAPI (blue). Graphs show quantification of fluorescence intensity from » = 4 (CRT alone) and n =5
(CRT + saracatinib) animals per group, with solid lines at the mean; unpaired two-tailed t-test.

Lastly, to ensure that the therapeutic efficacy of our combination regimen did not come at
the cost of healthy brain tissue, we rigorously evaluated potential neurotoxicity. We used IBA1 IF
as a sensitive marker of microglial activation and neuronal inflammation and performed
Bielschowsky silver staining to assess the structural integrity and morphological health of
neighboring neurons.

Our IBA1 IF analysis revealed that while CRT alone was associated with a mild decrease
in active microglia compared to Placebo, the addition of saracatinib did not further exacerbate this
inflammatory profile (Figure 38). Moreover, Silver staining revealed no significant alterations in
optical density or neuronal fiber morphology across treatment groups. The delicate architecture of
axons and dendrites in both the CRT and combinatorial cohorts remained indistinguishable from

that of placebo (Figure 39).
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Figure 38: Saracatinib in combination with CRT preserves microglial activation.
Representative IF images of IBA1 (Green) and DAPI-ed DNA (blue) in HD-MBO3 therapy-naive control tumors,
CRT-treated, and CRT + saracatinib-treated recurrent tumors. Box-and-whisker plots represent quantification of
fluorescence intensity from n =5 (therapy-naive), n =4 (CRT alone), and » = 5 (CRT + saracatinib) animals per group,

with solid lines at the mean; mean + s.e.m. two-way ANOVA with Tukey’s test
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Figure 39: Assessment of neuronal integrity via silver staining.
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Representative Bielschowsky Silver images in HD-MBO03 therapy-naive control tumors, CRT-treated, and CRT +
saracatinib-treated recurrent tumors. Graph represents quantification of optical density from » = 3 tumor samples per

group, with a solid line at the mean, mean + s.e.m., two-way ANOVA with Tukey’s test.
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Collectively, our findings establish p-SRC upregulation as a pivotal driver of G3 MB
recurrence, acting as a central signaling hub that sustains stemness and aids therapy resistance. We
demonstrate that both the genetic ablation of SRC and its pharmacological blockade with
saracatinib, when integrated with standard-of-care CRT, effectively dismantle this oncogenic
survival network. This combinatorial strategy does more than merely arrest tumor growth; it
fundamentally reshapes the cellular landscape. By forcing primitive, undifferentiated cells toward
a mature neuronal lineage while simultaneously triggering a dual mode of programmed cell death
via both apoptotic and necroptotic pathways, this approach strikes at the core of tumor persistence.

By successfully extending survival in aggressive orthotopic models without inducing
neurotoxicity, these results underscore SRC as a high-priority, actionable target. Ultimately, this
research provides a robust scientific and clinical rationale for repurposing SRC inhibitors as a
targeted, neuro-sparing treatment strategy, offering a much-needed new frontier in the effort to

improve outcomes for children facing recurrent brain tumors (Figure 40).
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Figure 40: Summary diagram illustrating the effect of CRT with or without saracatinib.
Generated using Biorender.
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CHAPTER 4. DISCUSSION

4.1. SRC Landmark that Redefined Oncology
The discovery of the nRTK SRC marks the beginning of modern oncology, transforming

our understanding of cancer from an external invasion to a biological betrayal from within. The
journey began in the early 1900s, when Peyton Rous observed that a cell-free filtrate from a
chicken tumor could induce new sarcomas in healthy birds!!®. This virus, known as the Rous
Sarcoma Virus, remained a biological mystery for decades until 1976, when J. Michael Bishop and
Harold Varmus used molecular probes to isolate the specific genetic material responsible for this
transformation. To their surprise, they discovered that the gene responsible for causing cancer in
the virus, v-SRC, had a nearly identical counterpart in the DNA of normal, healthy animal cells: its
cellular version, ¢-SRC, was not a foreign invader but a vital gene involved in normal cell
signaling. For demonstrating that viruses can hijack normal cellular genes and turn them into
oncogenes, Bishop and Varmus were awarded the 1989 Nobel Prize in Physiology or Medicine.
This landmark recognition established the foundational concept of the proto-oncogene!'!.

Despite its historical significance, SRC remains a biological enigma because it challenges
the conventional mutation-centric model of cancer development. In modern genomics, we often
search for driver mutations, such as those in KRAS or TP53, to explain how malignancies arise.
However, SRC is rarely mutated in human clinical samples'?®. This lack of genetic alteration
initially obscured its importance, creating a paradox: how can a gene so central to cancer biology
remain genetically normal? The answer lies in the structural differences between the viral and
cellular forms of SRC. While the viral v-SRC is a truncated, constitutively active on-switch due to
loss of its inhibitory C-terminal tail, the cellular c-SRC is regulated by a complex auto-inhibitory
mechanism involving phosphorylation of its Y530 residue. As a result, simply overexpressing

wild-type c-SRC is often insufficient to drive complete cellular transformation. Rather than acting
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as a solitary initiator or commander that dictates tumor onset, SRC functions as a sophisticated
force multiplier. It exists within the signaling framework, waiting to be hijacked not through
mutation but by the dysregulation of surrounding pathways'2’.

This role as a force multiplier is realized through SRC's unique position as a central
switchboard just beneath the cell membrane. Rather than relying on internal mutations for
activation, SRC is typically recruited by upstream mediators such as RTKs (e.g., EGF or MET),
GPCRs, and integrins® %°. When these receptors are activated, SRC undergoes a conformational
change that exposes its kinase domain, allowing SRC to link extracellular signals to a wide range
of intracellular pathways®! 82,

SRC does not merely relay signals; it amplifies and diversifies them. By phosphorylating
multiple substrates, SRC coordinates mechanisms essential for cell survival, proliferation, and
metabolic reprogramming. Importantly, SRC plays a critical role in the epithelial-to-mesenchymal
transition (EMT) by regulating FAK and E-cadherin®* ®> % This regulation confers the motility
that enables cancer cells to invade and metastasize.

In this way, SRC acts as a master coordinator of the malignant phenotype, ensuring that

once a cell begins its transformation toward cancer, the internal signaling environment is optimized

for aggressive growth and adaptation to changing conditions.

4.2. The Landscape of SRC in Solid Malignancies

The theoretical framework of SRC as a signaling hub is well established, but its clinical
relevance is especially evident in the diverse landscape of solid tumors, where SFKs are often
exploited to support tumor survival. In healthy tissues, SFK activity is tightly regulated®?; however,
malignant cells frequently display chronic hyperactivation and protein overexpression. This

molecular change enables SFKs to function as critical processing centers, integrating signals from
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cell-surface growth factor receptors, adhesion signals from the extracellular matrix via integrins,
and chemical stressors in the increasingly hostile tumor microenvironment.'?! By connecting these
external signals to internal growth programs, SFKs effectively convert a chaotic extracellular
environment into a coordinated strategy for malignant expansion. The following discussion
synthesizes specific evidence of SRC's involvement in several representative solid tumors,
highlighting how its molecular interactions create unique clinical challenges and shape our current

therapeutic strategies.

4.2.1. Breast Cancer

In breast cancer research, SRC has become a critical signaling hub that integrates the
PI3K/AKT and MAPK/ERK survival pathways. It is particularly associated with poor prognosis,
especially in HER2+ breast cancer and cases of therapy resistance. In triple-negative breast cancer
(TNBC), the SRC-AKT-ERK2 axis stabilizes the EMT transcription factors Slug and Snail,

enhances TGFP2 signaling, and promotes chemoresistance and negative outcomes'*.

Pharmacological inhibition of SRC using Dasatinib has been shown to reduce tumor
growth and improve responsiveness to epirubicin in preclinical TNBC models. Additionally, the
Hippo-pathway transducers YAP1 and TEAD drive transcriptional programs that support cell
proliferation and resistance to Trastuzumab in HER2+ breast cancer. This aligns with a cooperative

SRC-YAP/TEAD resistance network!?3 124,

A specific nuclear complex driven by SRC, involving YAP1, TFAP2A, and TEAD, which
directly upregulates HER2 and EGFR, has not been fully characterized. Metabolic research has
identified a CDCP1-mitochondrial SRC axis in TNBC. In this axis, the cell-surface protein CDCP1
recruits and activates SRC in the mitochondria, leading to increased Complex I activity and

oxidative phosphorylation (OXPHOS)!*. This enhancement boosts respiratory capacity,
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migration, and metastasis. Disrupting this axis lowers OXPHOS and metastatic potential, whereas

restoring Complex I can rescue these traits'?% 127,

Independent studies have found that OXPHOS-high and chemotherapy-resistant TNBC
relies on mitochondrial respiration and can be re-sensitized by OXPHOS inhibitors'®. This
highlights metabolic plasticity as a crucial factor in SRC-linked survival, even though a precise
FAO-AMPK-SRC axis has not yet been formally defined in breast cancer. In addition to its kinase
activity, SRC also acts as a scaffold. Repurposing studies have shown that the antivirals Ledipasvir
and Daclatasvir destabilize the SRC-EPHA2 complex, downregulate the SRC-EPHA2-AKT
pathway, and reduce proliferation and invasion in colorectal and TNBC cells'?®. Notably, this
occurs without broadly inhibiting SRC’s catalytic activity, illustrating how scaffolding can sustain
signaling even when kinase activity is only partially inhibited. Therapeutically, Dasatinib and
related ATP-competitive SRC inhibitors bind to SRC in its open, active conformation and have
demonstrated preclinical chemo-sensitizing effects in TNBC. However, they may not completely

eliminate non-catalytic SRC functions'?,

Next-generation agents, such as NXP900, are conformation-selective SRC family
inhibitors that lock SRC in a closed, inactive state. This inhibits both catalytic and kinase-
independent functions. NXP900 has shown potent anti-tumor activity in squamous cell carcinomas
and exhibits high selectivity for SRC family kinases. Early preclinical evidence also suggests its
effectiveness in SRC-dependent and endocrine-resistant tumors, including ER+ breast cancer.

Nevertheless, detailed datasets for luminal breast cancer are still emerging'?’.

Additionally, researchers are exploring the use of repurposed antivirals that target SRC-
EPHA? scaffolding, metabolic interventions that take advantage of OXPHOS dependence, and

rational multi-target strategies. These include the conceptual dual inhibition of SRC and BRD4,
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along with pathway-modulating natural products like Arctigenin and EGCG'"® 13!, These high-
precision combinations aim to block EMT, survival signaling, and metabolic adaptation,
positioning SRC as a master integrator of resistance across hormone receptor-positive, HER2+,

and TNBC subtypes!*2.

4.2.2. Brain Cancer

In Glioblastoma (GBM), SRC is often activated and plays a crucial role as an integrator of
oncogenic signaling and metabolic reprogramming, promoting tumor growth in the nutrient-
limited environment of the brain. Recent studies have shown that SRC directly regulates lipid and
acetate metabolism by phosphorylating ACSS2 at the tyrosine residues Y530 and Y562, which
stimulates the production of acetate-derived acetyl-CoA. At the same time, SRC phosphorylates
ACLY at Y682, inhibiting its enzymatic activity and redirecting citrate toward /DH/-mediated
NADPH production!®}. This coordinated metabolic remodeling meets the dual requirements of
GBM cells for acetyl-CoA and NADPH, both of which are essential for de novo fatty acid synthesis
and maintaining redox balance. Importantly, the SRC-unresponsive double mutant of ACSS2 and
ACLY significantly reduces fatty acid synthesis and impedes GBM progression in vivo,

highlighting SRC's role as a driver of metabolic adaptation in the brain'??.

SRC is a crucial effector downstream of EGFR gene alterations, particularly the oncogenic
variant EGFRvIII, which is common and clinically aggressive in GBM. EGFRvIII predominantly
signals through STATS, and experimental studies indicate that the invasion and survival induced
by EGFRvIII rely on an EGFRvIII-SRC-STATS5 pathway!'**. This pathway upregulates the Fnl4
receptor. Inhibition of SRC using the SRC family kinase inhibitor saracatinib reduces STATS
activation, decreases Fnl4 expression, and impairs the migration and survival of GBM cells. These

findings connect receptor mutations like EGFRvIII to nuclear transcriptional programs via SRC-
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STATS signaling, suggesting that SRC promotes aggressive and invasive behavior and influences
chemotherapy sensitivity in EGFRvIII-positive GBM'?>. Additionally, preclinical studies of anti-
VEGEF therapy have shown that Bevacizumab can lead to a more invasive growth pattern at the
tumor's edge. SRC kinase activity is upregulated in this invasive front. In model systems, Dasatinib
effectively blocks the invasion induced by Bevacizumab, underscoring the role of SRC in adaptive

resistance to anti-angiogenic therapy through invasion!'3®.

Recent studies have identified SRC as a key regulator of redox defense and resistance to
ferroptosis in GBM through its interaction with the transcription factor NRF2. When SRC
signaling is hyperactive, it stabilizes and activates NRF2, leading to increased expression of NRF2
target genes and suppression of ferroptosis induced by ionizing radiation'*’. In contrast, the use of
pharmacological SRC inhibitors, such as Dasatinib, decreases NRF2 activity and sensitizes GBM
cells and patient-derived neurospheres to cell death caused by radiation-induced ferroptosis. These
findings highlight SRC as a significant factor in radio resistance. However, the assertion that SRC
promotes the repair of DNA double-strand breaks (DSBs) via the EGFR/PI3K/AKT pathway in
GBM is not fully substantiated. Current data primarily emphasize SRC’s role in ferroptosis and
antioxidant defenses rather than a clearly defined SRC-centered DSB repair pathway!3®.
Nevertheless, combining SRC inhibition with radiation enhances radiation-induced damage and
increases the lethality of GBM cells in preclinical models, suggesting that targeting SRC could be

a promising strategy for radio-sensitization.

The relationship between SRC and chemotherapy is becoming clearer. In GBM models
that express EGFRvIII, EGFRvIII primarily signals through STATS. Inhibition of either STATS or
SRC can make tumor cells more sensitive to temozolomide and promote apoptosis. This suggests

that the EGFRvIII-SRC-STATS5 pathway contributes to the chemo-resistant characteristics of these
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tumors. A recent study demonstrated that EGFRvIII expression leads to greater reliance on SRC-
STATS signaling, which in turn results in increased sensitivity to saracatinib'*> '*°. By contrast,
GBM models with wild-type EGFR show less responsiveness, highlighting that the effectiveness
of SRC inhibition is highly dependent on the context and the status of EGFRvIII'*’. These findings
support the idea that SRC/SFK inhibitors like saracatinib can enhance the sensitivity of EGFRvIII+
tumors to temozolomide. However, there is currently no definitive clinical evidence that combined
treatments may have adverse outcomes in EGFR-wild-type GBM. This potential concern should
be viewed as a theoretical issue arising from differing pathway dependencies rather than as a

confirmed clinical negative impact.

Despite robust preclinical biology, the broad clinical success of SRC inhibitors in
unselected GBM populations has been limited. In the phase II NCCTG N0877 (Alliance) trial,
adding dasatinib to standard chemoradiation with temozolomide did not improve outcomes in
newly diagnosed GBM, and the phase II NCCTG NO0872 trial combining bevacizumab with
dasatinib in recurrent GBM similarly failed to show a consistent survival benefit!*®. These results,
together with molecular data showing that only certain GBM subsets (for example, those with
EGFRvIII or strong SRC-STATS or SRC-NRF2 dependence) are highly SRC-addicted, have led
to a consensus that SRC-targeted therapy will likely require careful biomarker-based patient
selection rather than a one-size-fits-all approach!®. Other SRC family kinase inhibitors, including
bosutinib and KX2-391 (also known as Tirbanibulin), continue to be evaluated in early-phase or
exploratory settings'’. Still, the dominant view is that future success will depend on rational,
combination regimens such as pairing SRC inhibition with radiation, ferroptosis inducers, or
EGFRvIII- and STAT5-directed therapies, in molecularly defined GBM subgroups to prevent

metabolic, invasive, and redox-based adaptive resistance.

98



4.2.3. Prostate Cancer

SRC acts as a key signaling hub in the progression of prostate cancer from an
androgen-dependent state to castration-resistant disease. In experimental models, SRC and related
SRC family kinases directly phosphorylate the androgen receptor (AR) on tyrosine residues,
enhancing AR transcriptional activity and enabling ligand-independent or low-androgen signaling
that supports tumor growth after androgen deprivation. This creates a functional feedback loop in
which upstream growth factor and cytokine pathways activate SRC. At the same time, SRC-driven
AR signaling sustains transcriptional programs that favor proliferation, survival, and metastatic

spread, thereby undermining conventional hormone therapies!*!.

A key structural feature of SRC is its N-terminal myristoylation. In prostate cancer models,
either genetic or pharmacological disruption of SRC myristoylation leads to a reduction in SRC
autophosphorylation and downstream signaling. This decrease in activity suppresses tumor cell
growth and limits the cooperative effect of SRC and the AR on tumor progression'#?. These
findings highlight that myristoylation is not just a signal for localization; it is a critical factor in
SRC's oncogenic potential. This presents an attractive, structurally specific therapeutic target

distinct from conventional ATP-competitive kinase inhibition.

SRC not only directly modulates AR but also integrates signals that shape the invasive and
physical characteristics of prostate cancer. By interacting with FAK and downstream components
of the MAPK pathway, such as ERK and SRC itself, SRC promotes focal adhesion turnover,
cytoskeletal reorganization, and cell migration'** 1*4, These processes collectively enhance local
invasion and metastasis. Additionally, SRC plays a role in regulating cell-cycle progression by
controlling proteins like p27 and other critical checkpoints'*’. This regulation supports rapid cell

proliferation and contributes to resistance against therapy. While SRC’s influence on the
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cytoskeleton and mitosis is well established, the specific claim that SRC phosphorylation of
TUBB3 is a primary factor in taxane resistance in prostate cancer is more speculative than
definitive!*®. Current evidence suggests a broader relationship between SRC activity, cytoskeletal
dynamics, and response to taxane therapies, rather than pinpointing a single TUBB3 substrate as

the determining factor.

SRC additionally cooperates with canonical survival pathways. In various tumor systems,
including prostate cancer, SRC can activate or amplify JAK/STAT signaling, particularly STAT3,
driving expression of genes that promote proliferation, inhibit apoptosis, and modulate immune
interactions in the tumor microenvironment'¥’. SRC-AR signaling is also connected to DNA
damage responses: AR can participate in transcription-coupled DNA breakage and
rearrangements, and SRC-modulated phosphorylation events influence AR’s chromatin behavior,
with implications for genomic instability and therapeutic vulnerability!*®. These links have
prompted interest in combining SRC-pathway inhibition with DNA-damage-targeted agents such
as PARP inhibitors, especially in tumors that harbor pre-existing defects in homologous
recombination repair, although this approach is still under active investigation rather than standard

of care.

Targeting SRC has been a promising strategy for treating prostate cancer; however,
translating the successes seen in preclinical studies into improved survival rates has proven
difficult. Multi-kinase inhibitors targeting SRC, such as dasatinib and saracatinib, have shown
significant efficacy in vitro and in animal models. These inhibitors reduce AR tyrosine
phosphorylation, decrease AR-driven transcription, inhibit cell proliferation and invasion, and can

delay or reduce the onset of castration-resistant growth!*.
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Despite this potential, large-scale trials involving unselected populations with metastatic
castration-resistant prostate cancer (CRPC) have not demonstrated any meaningful improvements
in overall survival when these agents are used alone or in simple combinations. This lack of success
appears to be related to factors like pathway redundancy, poor patient selection, and dose-limiting

toxicity.

Consequently, the focus in this field is shifting away from using SRC inhibition as a
monotherapy. Instead, researchers are exploring biomarker-guided combination therapies. For
instance, pairing SRC-pathway blockades with next-generation androgen receptor-targeted
therapies or PARP inhibitors in specific genomic subsets may enable SRC inhibition to serve as a

strategy to modify resistance rather than a standalone treatment!4’,

The key points are that SRC collaborates with AR to promote growth that resists castration,
and that SRC myristoylation is crucial for its full oncogenic function in prostate cancer.
Additionally, SRC plays a role in integrating signals related to adhesion, motility, survival, and
DNA damage, thereby contributing to metastasis and therapy resistance'>°. The main therapeutic
implication is that targeting the SRC pathway is likely to be most effective when used in carefully
selected patients and in rational combinations, especially with AR-directed agents and therapies

focused on DNA damage, rather than as a broad, untargeted monotherapy.

4.3. From Solid Architectures to Fluid Malignancies
While the above discussion highlights SRC’s role in the physical architecture and

metabolic flexibility of solid tumors, its influence also extends deeply into the hematological
system. In a fluid environment, SRC is not merely a passenger; instead, it plays a vital role in
regulating the entire hematopoietic hierarchy. SRC helps maintain the delicate balance between

151

blood cell growth, lineage differentiation, and functional activation'>". Under normal physiological
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conditions, this kinase acts as a reliable switch, ensuring proper blood development and immune
responses. However, in the context of leukemia, this regulatory mechanism is fundamentally
disrupted'>?. The finely tuned switches within the hematopoietic hierarchy become locked in an
active state, leading to uncontrolled cell proliferation and a systematic evasion of programmed cell
death. SRC integrates signals from various growth factors and cytokine receptors, functioning as
a potent biological amplifier that transforms normal physiological signals into abnormal oncogenic
ones. This central role makes SRC a significant therapeutic target for various blood cancers®. The
following discussion summarizes the evidence of SRC's involvement in different types of
leukemia, outlining the molecular short circuits that drive disease progression and the strategies
developed to counteract them.

4.3.1. Chronic Myeloid Leukemia
In chronic myeloid leukemia (CML), the disease is primarily driven by the BCR-ABL1

fusion protein. Unlike relying solely on one SRC protein as an independent oncogenic partner,
BCR-ABLI1 engages multiple SFKs. It phosphorylates and activates various SFKs, including LYN,
HCK, and FYN'33, This activation enhances downstream signaling pathways that promote cell
proliferation, survival, and changes in cell adhesion. However, there is insufficient evidence to
support the idea of a simple bidirectional loop in which SRC stabilizes BCR-ABLI1 and serves as
the sole driver of the disease. SFKs play a crucial role in the phosphorylation of proteins involved
in cytoskeletal and adhesion signaling, such as FAK and paxillin'>. These processes affect cell
motility and interactions with the microenvironment. Ultimately, these functions are part of a wider

BCR-ABLI1 signaling network, rather than being focused exclusively on SRC.

The canonical BCR-ABLI1 pathways provide the most comprehensive explanation for the

survival and proliferation characteristics of CML. These pathways include RAS/RAF/MEK/ERK,
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PI3K/AKT/mTOR, and particularly the JAK/STATS pathway'>?. In contrast, the SRC-YAP-
Survivin/Cyclin D1 axis is not as well-established. These well-characterized signaling cascades
increase the levels of anti-apoptotic proteins such as BCL-xL and MCL-1, while also inducing cell
cycle regulators like cyclin D1. Additionally, the stabilization of pS-catenin promotes cell
proliferation and enhances stem cell-like properties. Although YAP and Hippo signaling pathways
are being investigated in myeloid diseases, the SRC-YAP-Survivin/Cyclin D1 pathway lacks
strong clinical validation in the context of CML compared to the prominent STATS5 and f-catenin-

driven pathways'>*,

BCR-ABLI1 influences interactions with the bone marrow niche by altering leukemic cell
adhesion to stromal components, such as fibronectin. This altered adhesion can protect leukemic
cells and contribute to the development of minimal residual disease. The dependence on this niche
involves cooperative signaling through BCR-ABL1, SFKSs, and other pathways, rather than relying
solely on SRC as an environmental architect. While tyrosine kinase inhibitors (TKIs) can modify
adhesion and partially dislodge cells from protective niches, their primary clinical impact in CML

stems from the direct inhibition of survival signals driven by BCR-ABL1'>.

Dasatinib, a second-generation TKI, effectively inhibits both BCR-ABL1 and multiple
SFKs!'®. This dual activity is likely to enhance its efficacy, especially in certain resistant cases,

although the benefits are not primarily due to the disruption of fibronectin anchoring.

Later-generation TKIs have more complex target profiles such as bosutinib inhibits BCR-
ABLI and several SFKs but shows relatively weak activity against KIT and PDGFR compared to
Dasatinib. However, its toxicity profile cannot be fully explained by its selective sparing of these
kinases'*®. Ponatinib was specifically designed to inhibit the T315I-mutant BCR-ABL1 and

exhibits broad off-target activity, including against some SFKs. Clinically, its main value lies in its
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potent, mutation-tolerant blockade of BCR-ABLI rather than in a defined dual BCR-ABL1/SRC

mechanism !>’

. Newer STAMP inhibitors, such as asciminib, are being developed to target the
myristoyl pocket of ABL, aiming for deeper molecular responses and more treatment-free
remissions!*®. Additionally, combinations of site-selective ABL inhibitors with broader TKIs are
under investigation. However, the routine combination of dual SRC/ABL inhibitors and achieving

reliable cures for refractory disease remain goals of ongoing research rather than established

realities as of early 2026.

4.3.2. Acute Myeloid Leukemia

In acute myeloid leukemia (AML), SFKs, particularly SRC, Lyn, Hck, and Fgr, act as key
signaling intermediaries downstream of aberrant RTKs, with a prominent role in FLT3-ITD-
mutated cases, which occur in ~25-30% of AML and confer poor prognosis. SRC selectively binds
FLT3-ITD (but not TKD point mutations) via its SH2 domain to phosphorylated tyrosines in the
juxtamembrane region (including Y589/591), enabling full STATS activation, which is essential
for proliferation and survival; this ITD-specific dependence highlights SFK vulnerability unique
to this mutation. High SFK expression correlates with inferior survival across AML cohorts, even
in FLT3 wild-type disease, where SFKs amplify PI3K/AKT, MAPK/ERK, and adhesion signals
(e.g., via FAK, PYK2, p130Cas) to sustain anti-apoptotic proteins like MCL-1 and promote

microenvironmental protection'™’.

In preclinical models of AML, inhibiting SRC significantly disrupts various signaling
pathways. This disruption leads to the dephosphorylation of adhesion and cytoskeletal effectors,
as well as a downregulation of MCL-1'>°. Collectively, these changes halt cell proliferation and
sensitize the cells to apoptosis, irrespective of FLT3 status in many primary samples. Multi-kinase

inhibitors, such as Dasatinib, which target SRC, ABL, and Lyn, have shown effectiveness against
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AML cells that overexpress SFKs. These inhibitors reduce the phosphorylation of STATS and ERK
while enhancing the effects of chemotherapy'®®. However, outcomes can vary by AML subtype,
with the most significant results observed in FLT3-ITD-positive cases. Bosutinib, another inhibitor
of SRC and ABL, has shown modest activity as a single agent in trials for relapsed or refractory
AML. It reduces dependence on MCL-1 and works synergistically with venetoclax and
hypomethylating agents (HMAs) to target progenitor cells by suppressing STAT3 and c-Myc.

However, it does not specifically promote MCL-1 ubiquitination!®!.

As of early 2026, SRC/SFK targeting remains investigational in AML, with a focus on
biomarker-driven combinations (e.g., high SFK expression, FLT3-ITD) to overcome redundancy
and resistance in aggressive subtypes, such as secondary AML or those that have failed venetoclax.
Dasatinib and Bosutinib are repurposed in trials with hypomethylating agents or FLT3 inhibitors,
aiming to deepen responses, but no SRC-specific agent like SAR103168 has reached pivotal
clinical validation; efforts prioritize patient selection via SFK activity signatures to neutralize

survival networks in therapy-resistant disease'®2.

4.4. SRC as the Architect of Cancer Recurrence

SRC as an architect of cancer recurrence is best understood as part of a broader adaptive
signaling network rather than a solitary master regulator. Oncogenic drivers such as EGFR, HER?2,
KRAS, or BRAF typically initiate tumorigenesis and remain dominant targets, but treatment
pressure frequently reshapes signaling, allowing alternative pathways to emerge'?’. SRC and other
SFKs are often upregulated or activated in drug-resistant tumors and function as central hubs that
integrate microenvironmental inputs, including growth factors, integrin engagement, cytokines,
and mechanical cues, to sustain survival and proliferation despite targeted therapies. In several

models (for example, BRAF-mutant melanoma or EGFR-mutant lung cancer), resistant cells show
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increased EGFR-SFK-STAT3 or integrin-SFK-FAK activity'®®, indicating that SRC contributes
importantly to the second wave of signaling that supports relapse, though it is one key node among

many rather than a universal, standalone driver.

4.4.1. Bypass Signaling: The Redundant Route Strategy

A well-documented role of SRC in recurrence is its role in bypass signaling. When a
primary oncogenic receptor such as EGFR or HER? is inhibited, tumors can recruit alternative
RTKs, such as MET, AXL, or IGF1R, which converge on SRC and downstream PI3K/AKT and
MAPK cascades!?! %4, SRC thereby helps route survival and proliferation signals around the
blocked target, contributing to kinome reprogramming and reduced dependence on the original
oncogenic driver. However, most studies describe SRC as part of a broader web of RTKs and
nRTKs adaptors rather than as the sole master coordinator of this reprogramming, and the degree
of SRC dependence varies considerably by tumor type and resistance mechanism!?!"> 19, Similarly,
the idea that stress from therapy always triggers a generalized compensatory rise in SRC and that
this alone guarantees multidrug resistance is too strong; SRC activation is common in resistance,

but not universal, and acts alongside many other adaptive changes.

4.4.2. EMT and the Invasive Escape

SRC is also strongly implicated in EMT, invasion, and dissemination, which are central to
spatial patterns of recurrence. SRC/FAK signaling regulates E-cadherin function and cell—cell
junctions, and elevated SRC/FAK activity can promote E-cadherin internalization or
mislocalization, contributing to EMT-like phenotypes and enhanced motility. Through
phosphorylation and activation of partners such as FAK and p130CAS, SRC reorganizes the actin
cytoskeleton and focal adhesions, enabling cancer cells to detach, migrate, and invade, thereby

facilitating spread to sanctuary sites where drug penetration is poor!®% 17, The reversible nature of
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EMT and EMT-likely supports recurrence from disseminated cells, but it is more accurate to state
that SRC is an important contributor to EMT and invasion in multiple tumor types, rather than the

single key EMT regulator across cancers.

4.4.3. Metabolic Plasticity and the Persister State

Drug-tolerant persister (DTP) cells and metabolic plasticity are recognized as major
components of recurrence, and many DTPs exhibit shifts towards OXPHOS, altered fatty acid
oxidation, and reprogrammed redox and biosynthetic pathways'®®. SRC has been linked to
mitochondrial function and metabolic control in some models, and SRC-dependent signaling can
intersect with pathways that regulate OXPHOS and ROS handling'**; however, the literature does
not yet support a universal, SRC-centered model in which SRC is the primary coordinator of DTP
metabolic reprogramming in all cancers®. Research studies instead highlights a heterogeneous set
of metabolic adaptations, including changes in OXPHOS, pentose phosphate pathway, and
antioxidant systems as key DTP features, with SRC acting as one of several kinases that can

modulate these states in a context-dependent manner!'®’.

The ability of SRC to maintain cellular survival even in the presence of primary oncogenic
drivers is what defines its role as a major contributor to tumor recurrence. SRC turns the tumor
into a resilient and adaptable target by controlling alternative signaling pathways, altering
metabolic processes, and enabling invasive plasticity'?!. This concept of molecular resilience is
particularly critical in the context of the most aggressive pediatric brain tumors. In G3 MB, where
the primary driver is often an elusive transcriptional program rather than a single, targetable
mutation, SRC’s role in orchestrating therapy resistance and recurrence post-treatment becomes

uniquely significant.
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4.5. SRC in Group 3 Medulloblastoma

In primary G3 MB, SRC functions as an important signaling hub rather than merely an on-
off switch. It integrates signals from RTKs and neurodevelopmental programs that drive growth
and dissemination. Multiple RTKs, including PDGFR and members of the ERBB family, can
signal through SRC or SRC-family kinases to promote cell migration and survival. Signaling
through the PDGFR-SRC-FAK pathway has been implicated in MB cell motility in experimental

models!'!,

A recent study focusing on neurodevelopment and multi-omics has identified a SMARCD3
(BAF60C)-Reelin/DAB1-SRC axis that connects abnormal epigenetic regulation to metastatic
spread in medulloblastoma. This research shows that increased SMARCD3 expression activates
Reelin/DAB1-mediated SRC signaling and that inhibiting SRC reduces both migration and
metastasis in preclinical models. Once activated, SRC engages downstream pathways, including
STAT3, as well as cytoskeletal adaptors such as p130CAS and FAK!”. This engagement remodels
the cytoskeleton and supports cell survival, making SRC a significant contributor but not the sole

master regulator of the invasive characteristics of G3 MB at diagnosis.

Pharmacological inhibition of SRC in MB has shown promising early-stage results. Non-
ATP-competitive SRC signaling inhibitors, such as KX2-391 (tirbanibulin), which inhibit tubulin
polymerization, along with multi-kinase SRC/ABL inhibitors like dasatinib, have demonstrated
significant anti-tumor effects in both MB cell lines and mouse models. These effects include
reduced tumor cell migration and metastasis'’°. At low nanomolar concentrations, dasatinib works
synergistically with cisplatin to suppress colony formation, migration, and the activation of STAT3
and ERK in human MB cells. Additionally, when dasatinib is combined with the aurora kinase

inhibitor AT9283, it further impairs tumor growth and disrupts cell-cycle progression in vivo!”..
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However, it is important to note that these kinases inhibitors are still in the preclinical stage. There
are significant challenges to overcome before these results can be translated into effective and
tolerable treatment regimens for children. Therefore, SRC-targeted strategies for G3 MB remain

investigational and are not yet part of standard care.

Although the SRC roles in primary MB have been established!! 172, its behavior during
the crucial transition to recurrence remains poorly understood. Relapses are the main obstacle to
survival in G3 MB, with approximately 30% of patients experiencing a recurrence that is resistant

to current therapy, making it universally fatal*’

. At this stage, the tumor is no longer a predictable
target but rather a battle-hardened survivor. Current evidence presents a compelling paradox:
paired in vitro studies show that recurrent G3 MB cell lines exhibit significantly greater sensitivity
to inhibitors such as Dasatinib than their treatment-naive counterparts'’°. This suggests a potential
dependency shift, indicating a dramatic molecular rewiring that occurs after therapy. However,
these findings do not yet provide a direct quantification of SRC's enzymatic activity in the clinical
context of a patient's recurring tumor.

This lack of head-to-head comparison between primary and recurrent clinical specimens
represents a dangerous blind spot in pediatric neuro-oncology. Despite the mechanistic plausibility
of the Reelin/DAB1-SRC axis and various RTKs-driven developmental programs!’’, we cannot
yet state a general rule for how SRC activity evolves from the moment of diagnosis to the point of
lethal relapse. We understand how SRC helps a primary tumor move and grow, but we have yet to
fully decode how it helps a tumor survive the onslaught of chemotherapy and radiation. It is within

this unmapped territory, where the biology of the primary tumor ends and the resilience of the fatal

recurrence begins, that the proper role of SRC in therapy resistance must be uncovered.
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4.6. Summary of the findings

Our research establishes a new understanding and treatment approach for G3 MB by
identifying SRC as a key factor in therapy resistance and disease relapses. We established a
clinically relevant experimental model in which patient-derived G3 MB cells were subjected to a
rigorous treatment regimen comprising craniospinal irradiation and chemotherapy (cisplatin and
vincristine). This framework effectively simulates the molecular crucible that patients encounter
during standard care. Through this approach, we isolated a highly resilient population of CRT-
treated cells that reflects the aggressive nature of clinical relapses. Our analysis of the kinome
revealed a significant and consistent increase in p-SRC (Y419). This signaling adaptation is not
just a temporary stress response; it is a persistent characteristic of resistance observed across
multiple independent G3 MB models. We also validated these findings in both orthotopic PDOX
recurrent tumors and matched primary-recurrent patient samples.

Importantly, the increase in SRC signaling observed is a unique vulnerability specific to a
particular subgroup. In G3 MB cells, SRC was recruited to help them survive treatment-related
stress; however, this adaptation was not seen in the SHH and Group 4 subgroups, where treatment
actually reduced SRC activity. Most significantly for pediatric care, this signaling shift was absent
in healthy human astrocytes and NSCs. This tumor-specific activation offers a rare therapeutic
opportunity: the chance to target the cancer directly while avoiding damage to the delicate,
developing structure of the healthy brain.

Our data shows that SRC functions as a master regulator of the undifferentiated state in G3
MB recurrent tumors. When we genetically KO SRC or inhibited it pharmacologically, we
effectively dismantled the tumor's maintenance programs. This led to a significant reduction in
stemness markers, specifically SOX2, OCT4, and NANOG, as well as impaired tumor sphere

formation and migration. By blocking SRC, we did more than halt tumor growth; we induced a
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fate switch in surviving cells, shifting them from a primitive, flexible state to terminal neuronal
differentiation, as indicated by TUBB3 expression.

Once the stem-like characteristics were eliminated, the cells became susceptible to a dual
mechanism of cell death, undergoing both apoptosis and necroptosis. This lack of functional
redundancy highlights SRC as a crucial survival factor that tumors cannot easily bypass, making
it a high-priority target for clinical treatment.

The potential of this discovery was most clearly demonstrated in our in vivo PDOX models.
The combination of the BBB-permeable SRC inhibitor Saracatinib with standard CRT resulted in
a significant reduction in tumor burden and prolonged overall survival. Mechanistically, this
combination therapy accomplished what conventional treatment could not: it effectively evicted
the tumor from its stem-like niche and initiated widespread programmed cell death. Importantly,
this survival benefit was achieved without causing neuroinflammation or damaging neuronal
integrity, as indicated by stable microglial activity and preserved axonal structure. Collectively,
these findings provide a strong scientific and clinical rationale for repurposing SRC inhibitors. By
targeting the root cause of G3 MB recurrence, we move closer to a treatment model that offers

hope for the most at-risk children while safeguarding their neurodevelopmental future'”>.

4.7. Implication of the findings

The implications of our research extend far beyond the laboratory, offering a transformative
perspective on the management of G3 MB, the most lethal pediatric brain tumors. By uncovering
the role of SRC as an inducible survival anchor, this study identifies a novel mechanism of
recurrence that has remained hidden within the complex signaling landscape of G3 MB. For the
first time, we demonstrate that the transition to a refractory state is not random, but rather a

programmed signaling adaptation that can be strategically dismantled. The successful integration
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of Saracatinib, a drug already established in clinical pipelines, provides an immediate and viable
pathway for therapeutic repurposing. This approach bypasses the decade-long challenges of
traditional drug development, allowing us to reach at-risk children more quickly. Furthermore,
because the recruitment of SRC as a central resistance hub likely represents a fundamental survival
strategy shared by diverse malignancies, these findings offer a broader template for targeting the
molecular resilience of recurring tumors far beyond the scope of pediatric neuro-oncology.
Ultimately, this work lays the scientific foundation for a new frontier in oncology that aims to be
neuro-sparing. Instead of relying on the blunt force of broad-spectrum toxins, it promotes the use
of a targeted resistance-breaker, which could significantly improve the prognosis for the 30% of

children for whom modern medicine currently has no effective treatment.

4.8. Limitations

The findings of this study provide strong mechanistic and preclinical evidence that SRC is
a key driver of therapy resistance in G3 MB. However, several limitations need to be addressed to

guide future research efforts.

4.8.1. Sex Representation in Patient-Derived Models

All the patient-derived cell lines used in this study were obtained exclusively from male
patients. It is important to recognize that biological differences between sexes, including hormonal
environments, immune responses, and transcriptional regulation, can significantly impact tumor
biology and treatment efficacy. Therefore, the applicability of our findings to female patients has
yet to be confirmed. Although G3 MB primarily affects males, it also occurs in females. The
absence of female-derived G3 MB specimens in this study was not a deliberate choice, but rather
a reflection of their limited availability. To address this critical issue, future research should focus

on collecting and banking samples from female G3 MB patients. In the meantime, a practical
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approach would be to treat male patient-derived cells or animal models with female sex hormones,
particularly estrogen and progesterone. This would help replicate the hormonal environment of
female patients and investigate whether sex hormone signaling influences SRC activity, kinome

adaptation, or therapeutic response.

4.8.2. Limited Kinome Prolife

The kinase activity profiling conducted in this study utilized a targeted phospho-kinase
array capable of simultaneously detecting 37 kinases. While this method effectively identified p-
SRC and its downstream proteins as a consistently elevated and functionally significant
component, it captures only a small portion of the broader kinome. Consequently, compensatory
or cooperative kinase networks that may function alongside SRC or that may arise following SRC
inhibition remain largely unexplored. This limitation is particularly important in the context of
resistance mechanisms, as kinome plasticity is a well-documented survival strategy employed by

tumor cells.

4.8.3. Residual Lethality Following Saracatinib Combination Therapy

The combination of saracatinib with CRT significantly extended overall survival in PDOX
models compared to CRT alone. However, the animals ultimately succumbed to the disease. This
indicates that while SRC inhibition is highly effective at dismantling the resistance mechanism, it
does not completely eliminate the tumor's ability to adapt. The continued presence of lethality
aligns with the concept of kinome rewiring”®, in which selective pressure from targeted therapy
drives the emergence of alternative survival kinases that bypass SRC dependency. Identifying
these escape mechanisms is crucial for the rational design of next-generation combination

strategies.
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4.9. Future Directions

The limitations mentioned above highlight several critical areas for future research. First
and foremost, it is essential to conduct unbiased global phosphoproteomic profiling in both
therapy-naive and CRT-Res G3 MB cells, as well as in CRT + saracatinib-treated cells.
Comprehensive mapping of the kinome landscape will not only validate and expand upon our
kinase array findings but will also uncover the full range of signaling adaptations associated with
resistance. This could help identify potential co-targets for combinatorial treatments. Additionally,
further investigation is needed into the mechanisms downstream of SRC that influence the
transition from stem cells to neuronal differentiation. Understanding the specific transcriptional
and epigenetic pathways through which SRC maintains the undifferentiated state and how its
inhibition facilitates terminal differentiation could reveal new therapeutic vulnerabilities and
potential biomarkers for treatment response.

To strengthen the clinical translatability of our findings, we plan to expand validation
efforts to include a larger cohort of patient-derived samples, possibly including matched samples
from both primary and recurrent patients. This should ideally encompass diverse patient
demographics, including specimens derived from females. By correlating baseline SRC activity
with clinical outcomes, including time to relapse and overall survival, we can establish SRC's
prognostic utility as a predictive biomarker. Additionally, given the emerging evidence that the
tumor microenvironment, comprising microglia, infiltrating immune cells, and the extracellular
matrix, can significantly influence kinome dynamics and drug penetration, future studies should
utilize immune-competent models'7*. This will help assess how the immunological context of the
developing brain affects both SRC-mediated resistance and saracatinib efficacy.

Finally, while saracatinib's BBB permeability is a significant advantage, further

optimization of pharmacokinetics and refinement of the dosing schedule will be essential to
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maximize intratumoral drug exposure while preserving the neurodevelopmental safety profile we
have documented. Together, these future directions leverage a strong mechanistic foundation and
outline a clear path toward clinical translation, offering genuine hope for children who currently

lack effective treatment options at relapse.
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CHAPTER 5. CONCLUSION

This study identifies SRC kinase as a pivotal, inducible anchor of therapy resistance and
recurrence in G3 MB. By moving beyond the static genetic landscape of the primary tumor, we
have demonstrated that the molecular resilience of G3 MB is a dynamic process, one in which
therapeutic pressure drives a fundamental signaling shift toward a primitive, stem-like state. Our
findings reveal that the surge in SRC phosphorylation following conventional treatment is not a
generalized stress response, but a subgroup-specific adaptation that sustains the tumor's self-
renewal and invasive potential. By dismantling this survival hub through genetic ablation or
pharmacological blockade with Saracatinib, we successfully collapsed the tumor's defense
mechanisms, triggering a dual mode of programmed cell death and forcing resistant cells toward
terminal neuronal differentiation.

Ultimately, these results provide a compelling scientific and clinical rationale for a new
frontier in pediatric neuro-oncology. The successful extension of survival in aggressive PDOX
models achieved without inducing neurotoxicity or inflammatory damage to the developing brain
highlights the transformative potential of repurposing BBB-permeable SRC inhibitors. This
strategy moves us away from the era of non-specific, blunt-force toxins and toward a model of
precision medicine that strikes specifically at the engines of relapse. By offering a targeted solution
to the lethal paradox of recurrence, this work provides a much-needed roadmap for improving the
long-term outcomes of children facing the most aggressive forms of brain cancer, turning a

previously fatal 30% relapse rate into an actionable therapeutic opportunity.
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APPENDIX

Proteome Profiler Phospho-Kinase Array

Membrane layout and blot coordinates
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Appendix Figure A1. Membrane layout and blot coordinates of proteome profile phospho-kinase array.
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A Proteome Profiler Phospho-Kinase Array
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Appendix Figure 2. (A) Uncut Phospho-kinase array blots of therapy naive and CRT-Res SU_MB002 samples. Array
blots imaged at multiple exposure times (30 seconds, 1 minute, 5 minutes, and 10 minutes). Red boxes highlight the
locations of the kinases of interest presented in Figure 1D (p-SRC, p-Lyn, p-PYK2, p-PLC-y1, p-AKT, p-ERK, and
p-JNK). (B) Anti-Phospho tyrosine levels in CRT-Res HD-MBO03 and SU MBO002 cells. Graphs represent
densitometry quantification measurement of Anti-Phospho Tyrosine normalized to the total protein from n = 3
experimental replicates, presented as mean + s.e.m; unpaired two-tailed t-test.
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Appendix Figure 3: Immunoblot of p-Stat3, total Stat3, Nanog, and OCT3/4 expression in CRT-Res HD-MBO03 and
SU MBO002 cells. Graphs represent densitometry quantification measurement normalized to the total protein of p-
Stat3/total Stat3, Nanog, and OCT3/4 in therapy naive and CRT-Res HD-MBO03 and SU MBO002 cells from n =3

experimental replicates, presented as mean =+ s.e.m; unpaired two-tailed t-test.
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Appendix Figure S4. (A) Immunoblot of Cas9, p-SRC (Y419), total SRC, Anti-Phospho tyrosine, p-Stat3, total Stat3,
Nanog, and OCT3/4 expression in CRT-Res HD-MBO03 and SU_MBO002 cells expressing Tet-ON Cas9 sgSRC #1
treated with DOX. Graphs represent densitometry quantification measurement normalized to the total protein of p-
Stat3/total Stat3, Nanog, and OCT3/4 in therapy naive and CRT-Res HD-MBO03 and SU_MBO002 cells from n = 3
experimental replicates, presented as mean =+ s.e.m; unpaired two-tailed t-test.
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