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Abstract

Background: Glioblastoma (GBM) is the most common and aggressive malignant primary brain
tumor in adults, marked by rapid cellular proliferation, infiltrative growth, and high resistance to
standard therapies. Despite surgical resection followed by radiotherapy and chemotherapy with
temozolomide (TMZ), patient prognosis remains dismal, with median survival rarely exceeding
15 months. A major contributor to this therapeutic failure is the development of chemoresistance,
particularly to TMZ, which significantly impairs treatment efficacy. Emerging evidence implicates
dysregulated autophagy, mitochondrial dysfunction, and sphingolipid remodeling—including
altered ceramide metabolism—as cellular adaptations associated with TMZ resistance. Among key
molecular regulators, BCL-2-like protein 13 (BCL2L13), a mitochondria-localized member of the
B-cell lymphoma-2 (BCL2) family, has been linked to apoptosis, mitochondrial stress responses,
autophagy-related processes, and ceramide-associated signalling; however, its role in TMZ-
resistant (TMZ-R) GBM remains underexplored. This study examined associations between
BCL2L13 expression, autophagy flux, mitochondrial respiration, ceramide profiles, and TMZ

response in GBM cells.

Hypothesis: We hypothesize that BCL2L13 expression contributes to cellular processes
associated with TMZ resistance in GBM, including autophagy, mitochondrial function, and

ceramide remodeling.

Methods: A clinically relevant TMZ-R U251 GBM cell line was established using an 18-week
pulsed selection protocol and compared to TMZ-non-resistant (TMZ-NR) U251 cells. Cell
viability and drug sensitivity were assessed by PrestoBlue and 3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyl-2H-tetrazolium bromide (MTT) cell viability assays. Flow cytometry was used to



analyze apoptosis and cell cycle distribution. Autophagy flux was evaluated via immunoblotting
for LC3B-II and p62, with additional confirmation by immunocytochemistry (ICC) and
transmission electron microscopy (TEM). Autophagosome-lysosome fusion was assessed using
Bafilomycin Al (BafAl). Stable knockdown of BCL2L13 was achieved through lentiviral
transduction with puromycin selection. Mitochondrial respiration parameters—including ATP-
linked respiration, spare capacity, and proton leak—were measured using the Seahorse XF
Analyzer. Finally, targeted lipidomic profiling of ceramide species and their derivatives was
performed using Liquid chromatography-tandem mass spectrometry (LC-MS/MS) in TMZ-R,

TMZ-NR, and BCL2L13 knockdown variants.

Results: TMZ-R cells displayed marked resistance to high-dose TMZ (up to 5000uM), with
significantly less apoptosis and G2-M cell cycle arrest than TMZ-NR cells. Autophagy marker
dynamics were consistent with marked impairment of late-stage autophagic processing in TMZ-R
cells, as indicated by accumulation of LC3B-II and p62, reduced responsiveness to BafAl,
increased LC3B-positive puncta, and increased double-membrane autophagic vacuoles. BCL2L.13
expression was significantly upregulated in TMZ-R cells (P < 0.01), and its knockdown altered
autophagy-marker dynamics in a context-dependent manner without restoring autophagy flux or
TMZ-induced apoptosis. Seahorse analysis revealed that BCL2L13 knockdown significantly
increased proton leak and decreased spare respiratory capacity in TMZ-NR cells, while ATP-
linked respiration and maximal respiration showed more modest, nonsignificant reductions. In
TMZ-R cells, BCL2L13 knockdown produced minimal additional impairment. Targeted lipidomic
analysis revealed that ceramide metabolism is profoundly altered in TMZ-R cells and further
modulated by BCL2L13 knockdown. In wild-type TMZ-R cells, ceramide species such as Cer

18:0, Cer 20:0, and Cer 22:0 were significantly enriched relative to TMZ-NR cells. Knockdown



of BCL2L13 in TMZ-R cells led to selective enrichment of complex glycosylated ceramides
including dihexosylceramides (DHC 18:0, 20:0, 22:0) and trihexosylceramides (THC 18:0, 20:0,
22:0), while reducing levels of THC 16:0, 24:0, and 24:1. Dihydroceramides (e.g., dhCer 16:0 and
dhCer 22:0) also demonstrated distinct shifts between resistant and non-resistant states, with dhCer
16:0 significantly decreased in BCL2L13 knockdown TMZ-R cells. Monohexosylceramides (e.g.,
MHC 24:0 and 24:1) were enriched in TMZ-R wild-type cells but suppressed upon BCL2L13
knockdown. Principal component analysis demonstrated clear separation of TMZ-R and TMZ-NR
cells based on their ceramide profiles. Overall, TMZ-NR cells displayed C16:0 and mid-chain
ceramide changes consistent with CerSé6-associated remodeling, whereas TMZ-R cells showed
altered very-long-chain C22-C24 and glycosylated ceramide profiles consistent with CerS2-
associated remodeling. Together, these findings support a context-dependent association between

BCL2L13 and ceramide metabolism rather than direct regulation of CerS2 and CerS6.

Conclusion: This study demonstrates that BCL2L.13 is associated with context-dependent changes
in autophagy-marker dynamics, mitochondrial bioenergetics, and ceramide lipid remodeling in
GBM. Although BCL2L13 is strongly upregulated in TMZ-R cells, it’s knockdown does not
restore TMZ-induced apoptosis, indicating that it is not a direct determinant of established TMZ-
resistance. Instead, the findings support a role for BCL2L13 as a modifier of a stress-adaptive
network involving autophagy, mitochondrial respiration, and ceramide metabolism. These
pathways represent candidate mechanisms requiring further functional and mechanistic

investigation.
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CHAPTER 1: Literature Review

1.1 Glioblastoma

Glioblastoma (GBM) is the most common primary malignant brain tumour in adults and
is commonly known for its rapidly progressive and deadly nature (1). It comprises 75% of all high-
grade gliomas and has an annual incidence of 4.5 per 100,000 people in Canada (2). Under the
current World Health Organization classification, GBM is an IDH-wildtype, grade 4 adult brain
tumour characterized by diffuse infiltration, aggressive cellular proliferation, genomic instability,
angiogenesis, and resistance to therapy (Figure 1.1). The current classification incorporates both
histological and molecular characteristics in the diagnosis of GBM, reflecting the increasing
importance of tumour genetics in defining the disease.

Astrocytomas are a subset of gliomas derived from astrocytes, non-neuronal brain cells
that provide structure and metabolic support for surrounding neurons (3, 4). Isocitrate
dehydrogenase (IDH) is an important biomarker in the classification of adult diffuse gliomas.
IDH enzymes play an important role in cellular metabolism, including the conversion of isocitrate
to a-ketoglutarate. Mutations in IDH1 or IDH2 confer neomorphic enzymatic activity that results
in production of the oncometabolite D-2-hydroxyglutarate, which can alter epigenetic regulation
and cellular metabolism (5). Historically, glioblastomas were categorized as primary or secondary,
with secondary GBMs frequently harbouring IDH mutations (3, 6). Under the current World
Health Organization classification, however, the diagnosis of GBM is reserved for IDH-wildtype
tumours, while IDH-mutant tumours previously classified as secondary GBM are now classified
separately as astrocytoma, IDH-mutant (7).

Several methods exist for determining the morbidity and mortality associated with cancer.

The five-year relative survival rate is defined as the percentage of people alive five years post-



diagnosis. It depends on several factors, including age, sex, and place of residence (8). Median
survival refers to the period during which half of a group of people with cancer are still alive, while
the other half will live less than this amount of time. When compared to other cancers of the central
nervous system (CNS), GBM falls short in both areas, with the lowest five-year survival rate
(6.8%) of all CNS cancers and a median overall survival of approximately 14 months (9, 10).

A significant factor contributing to poor GBM prognosis is extensive inter-tumoural
(between tumours) and intra-tumoural (within a tumour) heterogeneity (11). Heterogeneity
manifests as differences in cellular morphology, gene expression, metabolism, motility,
proliferation, and metastatic potential (12). These differences are potentiated by variations in the
tumour microenvironment, which imposes selective pressures on tumour cells, thereby increasing
the proportion of subpopulations in various regions of the tumour (13). Another hallmark of GBM
that poses a direct challenge to developing effective therapeutic strategies and drug delivery is
disruption of the blood-brain barrier (BBB). The BBB is a neurovascular unit that evolved to
maintain brain homeostasis and restrict the passage of solutes in the circulating blood from
crossing into the extracellular fluid of the CNS (14). It acts as a physical barrier to foreign
molecules entering cerebral circulation. Tumours of the CNS have been shown to infiltrate the
BBB, resulting in the development of a distinct neurovascular unit called the blood-brain tumour
barrier, a derivative of the BBB characterized by increased perfusion and enhanced permeability
to solutes. However, the increased permeability of the blood-brain tumour barrier is nonuniform
and does not include the advancing tumour boundary; this is a rate-limiting factor in optimizing
drug delivery and concentrations of chemotherapy agents within the tumour (15). The standard of
care for patients with GBM includes maximal surgical resection, radiotherapy, and concurrent or

adjuvant chemotherapy with temozolomide (TMZ), a DNA alkylating drug (11). This multimodal



approach improves median survival to approximately 14.6 months, compared to 12 months with
radiotherapy alone (1). The following section provides background on the development and
mechanism of action of TMZ, highlighting key challenges researchers and clinicians face in its
use for the treatment of GBM.

Glioblastoma is predominantly a sporadic malignancy; however, inherited genetic factors
can contribute to disease susceptibility. A small proportion of cases occur in association with
hereditary cancer predisposition syndromes, including Li-Fraumeni syndrome, neurofibromatosis
type 1, Lynch syndrome, and Turcot syndrome (16, 17). These syndromes involve germline
alterations affecting tumour suppressor and DNA repair pathways, including TP53, NF1, and DNA
mismatch repair genes such as MLHI1, MSH2, MSH6, and PMS2 (17). Beyond these rate
hereditary syndromes, inherited susceptibility to glioblastoma may also be influenced by common
genetic variation (18). Genome-wide association studies examining glioma, a broader group of
primary brain tumours that includes glioblastoma, have identified susceptibility loci involving
genes such as TERT, CCDC26, CDKN2A/CDKN2B, and RTEL1, with some associations varying
according to tumour subtype (18, 19). Thus, while hereditary predisposition accounts for only a
small proportion of glioblastoma cases, inherited genetic factors represent a recognized component

of disease susceptibility.
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Figure 1.1. Classification and epidemiological overview of glioblastoma multiforme.
1.1.1 TMZ discovery, mechanism of action, and therapy in GBM

Temozolomide is the most commonly prescribed chemotherapeutic drug used to treat
GBM. The cytotoxic effect depends on its ability to alkylate DNA, resulting in DNA damage and
tumour cell death. TMZ induces cell cycle arrest at G2/M, preventing cells with damaged DNA
from undergoing mitosis and eventually leading to programmed cell death (apoptosis) (20). Prior
to its discovery by medical chemist Malcolm Stevens in the 1980s, triazenes — molecules with a
linear chain of three nitrogen atoms — were already recognized for their anti-tumour activity (21).
Stevens built on this knowledge and applied a newly described method for synthesizing tetrazine
ring systems to produce the first imidazotetrazine derivative of dacarbazine, a triazene then used

to treat malignant melanoma. TMZ and its precursor molecules were characterized by a triazene



group in a cyclic form and an imidazole ring backbone (21, 22). TMZ’s novelty lies in its small
molecular weight and lipophilic characteristics, which make it orally bioavailable and capable of
penetrating the BBB (22, 23).

Further investigation has established TMZ as a pro-drug that, once ingested, remains highly
stable at the acidic pH of the stomach. However, after being absorbed in the digestive tract and
encountering the slightly basic pH of the blood, TMZ undergoes spontaneous hydrolysis to form
the active methylating agent MTIC (3-methyl-(trizen-1-yl) imidazole-4-carboximide). MTIC is
then rapidly metabolized to produce the reactive methyldiazonium ion, which methylates purine
bases of DNA (N7meG, N3meA, and O6meG) (24). Specifically, alkylation of the O6 position on
guanine results in the insertion of a thymine instead of a cytosine base during DNA replication,
which can lead to cell death (25, 26). Enzymes involved in different DNA repair pathways
recognize these mispaired bases and induce double-strand breaks, ultimately leading to

programmed cell death (Figure 1.2) (27).
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Figure 1.2. Metabolic activation of temozolomide and DNA damage-induced cytotoxicity (A)
Different stages of TMZ metabolism: TMZ is orally ingested and is stable at the acidic pH
(stomach). At physiologic (blood) pH, it is converted to the short-lived MTIC, which is
metabolized to produce the diazonium ion. (B) Mechanism of action of TMZ: Diazonium ion
modifies purine bases of DNA at N3, N7, and O6 sites. MMR results in double-strand breaks and

leads to programmed cell death.

TMZ does not require metabolic activation and is spontaneously converted to its active
compound at blood pH, deeming it a strong clinical candidate that was ultimately approved for
market use in 1999 (28, 29). Unlike other chemotherapeutic compounds such as nitrosoureas, TMZ
does not induce interstrand cross-linking of DNA, reducing its toxicity to hematopoietic progenitor
cells in the bone marrow. Damage to these cells may lead to aplastic anemia (deficiency in blood
cell production) or myelodysplastic syndrome (abnormal blood cell development) (30-32). A

pivotal 2005 clinical trial published by Stupp et al. compared outcomes in GBM patients receiving



radiotherapy alone to those receiving radiotherapy in combination with TMZ. Their findings
showed that the median survival rate increased from 12.1 months with radiotherapy alone to 14.6
months with the combined approach. Additionally, they reported a two-year survival rate 0of 26.5%
for the combination group, compared to 10.4% with radiotherapy alone (33). These results
demonstrated a statistically significant and clinically meaningful survival benefit, leading to the
incorporation of TMZ into the standard of care for GBM (34). However, despite its initial efficacy,
resistance to TMZ emerges in nearly all patients, often resulting in tumour recurrence that is more
aggressive and unresponsive to further TMZ treatment — presenting a major obstacle to long-term

therapeutic success (35).

1.1.2 Temozolomide chemoresistance in glioblastoma

Many cellular mechanisms contribute to TMZ resistance in glioblastoma. TMZ acts on
cells by inducing DNA damage that leads to programmed cell death. However, in TMZ-resistant
glioblastoma cells, DNA repair pathways are often altered, suggesting that these cells recover from
TMZ-induced damage through alternative repair mechanisms (35). This section describes different
cellular mechanisms involved in TMZ chemoresistance, such as O°-methylguanine-DNA
methyltransferase (MGMT) overexpression, mismatch repair (MMR), base excision repair
(BER), glioma stem cells (GSCs), the role of microRNAs (miRNA), potentiated drug efflux, and

survival autophagy.

1.1.2.1 Role of MGMT in TMZ chemoresistance in GBM
MGMT is a DNA repair enzyme that removes methyl groups from O%-methylguanine (O6-

MeG) derivatives, a lesion induced by alkylating agents such as TMZ. This direct reversal of DNA



damage prevents errors during replication and transcription, thereby promoting cell survival and
contributing to chemoresistance (36-39).

Expression of MGMT is transcriptionally regulated by methylation of the CpG (cytosine
phosphate guanine) island in its promoter region. Transcriptionally regulated means the cell
controls protein levels by controlling how much mRNA is produced from a gene. Promoter
methylation leads to epigenetic silencing of MGMT expression, compromising DNA repair and
enhancing the cytotoxic effects of TMZ (36, 40). In an orthotopic GBM xenograft model, MGMT
protein levels were inversely correlated with TMZ response, while promoter methylation was
positively correlated, indicating that lower MGMT expression enhances TMZ sensitivity (41).
Clinical data also support this association: patients with MGMT promoter methylation demonstrate
improved prognosis and overall survival compared to those with unmethylated MGMT promoters
(42, 43).

However, the relationship between MGMT methylation, protein expression, and patient
outcomes is not always consistent, as highlighted by discordant findings in several studies (44-46).
Although promoter methylation is a key mechanism of MGMT silencing, additional layers of
regulation influence MGMT expression and activity. For example, MGMT can be post-
translationally regulated by poly(ADP-ribose) polymerase (PARP). Following TMZ treatment,
PARP interacts with MGMT and facilitates its binding to chromatin, which is essential for the
removal of O%-MetG lesions from methylated DNA. Interestingly, PARP inhibition disrupts this
PARP-MGMT interaction, thereby suppressing MGMT activity and restoring TMZ sensitivity in
MGMT-expressing GBM models (47).

Moreover, a clinical study investigated the prevalence of genomic alterations in GBM and

their association with MGMT promoter methylation. Mutations in TP53, CDKN2A, PTEN, and



PIK3CA were found to be four times more frequent in tumours with methylated MGMT compared
to those with unmethylated MGMT. These cases were also associated with improved patient
survival, suggesting that the co-occurrence of MGMT methylation and specific genetic mutations
may have a synergistic impact on treatment response or disease progression (48). Despite
MGMT’s role in conferring TMZ resistance, approximately 50% of patients with primary GBM
are MGMT-deficient and still resistant to TMZ, indicating that other mechanisms must also drive

resistance to TMZ in these tumours (49).

1.1.2.2 Role of DNA mismatch repair in TMZ chemoresistance in GBM

DNA mismatch repair is a highly conserved pathway that plays a critical role in
maintaining genomic stability by repairing base-base mismatches that are generated during DNA
replication (50). MMR functions by identifying and correcting mismatched bases in the newly
synthesized daughter strand, thereby preventing replication-associated damage to the cell. Briefly,
MMR machinery consists of the dimers MutSa, MutLa, and MutH. MutSa recognizes and binds
to the region of the mismatched base in the newly synthesized DNA strand. Next, MutH binds
along the parent strand and is only activated upon contact with the MutLa dimer, which binds the
MutS-DNA complex and acts as a mediator between MutSa and MutH, thereby activating the
latter. The DNA is looped out to search for the nearest native methylation site on the parent strand
closest to the mismatched base. Upon activation by the MutS-DNA complex, MutH introduces a
nick in the daughter strand. MutLa then recruits DNA helicase, which separates the two strands.
The entire MMR complex then progresses along the DNA, displacing the strand that needs to be
excised. Exonuclease, which removes nucleotides from the ends of DNA, follows behind the

complex and digests the single-stranded DNA tail. Throughout this process, nucleotides



surrounding the mismatch site are entirely removed. The single-strand gap created by the
exonuclease is filled by DNA polymerase III, which uses the intact strand of DNA as a template.
Lastly, DNA ligase joins the newly synthesized strand to the rest of the daughter strand (51).
However, extensive MMR can also have detrimental effects on the cell, such as
programmed cell death. Recall that cytotoxicity from TMZ partially depends on a properly
functioning DNA MMR system. Exposure to TMZ activates DNA repair mechanisms, such as
MMR, due to TMZ-induced O6-meG mismatched bases. MMR recognizes these lesions and
generates recurrent double-strand breaks, leading to apoptosis. It has been shown that cells that
develop resistance to alkylating agents, like TMZ, are deficient in MMR. For instance, the human
lymphoblastoid cell line MT1, which carries a defect in h(MSH6, was derived by culturing TK6
cells in the presence of alkylating agent MNNG to establish MNNG-resistant MT1 cells. These
MNNG-resistant cells are defective in strand-specific MMR (52). Reduction or loss of function in
key MMR components has been reported following TMZ treatment, frequently appears in GBM
recurrences, and is associated with poor response to TMZ and overall survival (53-55). Because
MMR genes are susceptible to TMZ-induced mutations, disruption of MMR gene function is
another mechanism that may contribute to TMZ resistance in GBM. One study demonstrated that
small decreases in amounts of MutSa resulted in significant progression of GBM tumour cell
growth in an in vivo mouse model and suggested that low MutSa levels in GBM tumours could be

used as a prognostic tool for patient survival after TMZ treatment (54).

1.1.2.3 Role of base excision repair in TMZ chemoresistance in GBM

BER functions to reverse DNA damage caused by oxidation, deamination, single-strand

breaks, and alkylation (56). DNA glycosylase, an enzyme that recognizes and removes small base
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lesions, initiates BER. Removal of a base in DNA results in the production of an
apurinic/apyrimidinic site in DNA that is subsequently repaired by DNA-replication machinery,
which restores the original and correct DNA sequence (35, 57). N3-methyladenine and N7-
methylguanine derivatives, which result from TMZ treatment, are substrates of N3-methylpurine-
DNA-glycosylase (MPG), which removes the alkyl group from these adducts. Interestingly, a
TMZ-resistant phenotype in patient-derived glioma cells has been linked to higher expression of
MPG (58). It has also been shown that higher nuclear levels of MPG correlate with poorer overall
survival compared to patients lacking MPG expression (59). These studies highlight BER as a

possible target for tackling TMZ-resistant GBM.

1.1.2.4 Role of glioma stem cells in TMZ chemoresistance in GBM

A large body of evidence links chemoresistance with stem cell characteristics in GBM.
These tumour-propagating cancer stem cells (CSCs) are more specifically referred to as GSCs.
GSCs are considered key drivers of tumour progression and recurrence due to their capacity for
self-renewal, multilineage differentiation, and their ability to replenish the highly transient tumour
cell population. Through differentiation, GSCs form the bulk of the tumour and contribute
significantly to its histological heterogeneity (60, 61).

Functionally, GSCs isolated from malignant glioma exhibit tumour-initiating properties
(62) and enhanced DNA repair capacity — features that likely underlie both chemoresistance and
disease relapse in patients (63). To better understand their role in acquired resistance, researchers
have identified cellular markers unique to this subpopulation. In vitro, GSCs are commonly
identified by their ability to self-renew in suspension cultures (tumour sphere formation) under

serum-free conditions supplemented with basic fibroblast growth factor and epidermal growth

11



factor (64). When cultured in this stem cell medium, GSCs have been shown to recapitulate the
genotype and phenotype of the original tumour, supporting their role in maintaining histological
heterogeneity observed in glioma (65).

GSCs expressing the stem-cell marker CD133 (Prominin 1) have been shown to initiate
glioblastoma tumour growth in vivo when transplanted into mice and are often referred to as GBM-
initiating cells (GICs) (66). Several markers for GSCs have been identified, including CD133,
SSEA1, nestin, integrin alpha 6, CD15, and A2B5 (67). However, controversy persists regarding
the reliability of these markers — particularly whether they are consistent indicators of GIC
capabilities. For example, a 2008 study revealed that GBM cells lacking Prominin 1 expression
were also capable of initiating tumour formation in mice (68). GSCs may also be identified
functionally by their notably high activity of aldehyde dehydrogenase 1 (ALDH1) (69). ALDH1
activity supports self-renewal, differentiation, and cellular protection and is associated with poor
cancer prognosis (70). However, ALDHI activity and the presence of stem cell markers are not
consistent among various GBM tumours.

Such inconsistency likely reflects multiple sources of variability. Differences in
experimental protocols across laboratories contribute, but a more profound cause lies in the
heterogeneity that exists among GSCs within the same tumour (71). This intratumoural
heterogeneity arises from genomic instability, a defining feature of cancer, which leads to diverse
subpopulations of cells. Supporting this, Meacham and Morrison showed that even tumour-
initiating cells isolated from the same tumour can give rise to genetically distinct populations when
transplanted into mice (72).

The cancer stem cell model, also called the hierarchical stem cell concept, offers a

compelling framework for understanding such tumour heterogeneity (Figure 1.3). According to
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this model, cancers are hierarchically organized, with a small population of tumourigenic CSCs at
the apex giving rise to and non-tumourigenic progeny. In glioblastoma, these CSCs are referred to
as GSCs. A defining feature of these cells is their capacity for self-renewal, enabling them to
maintain the CSC pool over time while also producing more differentiated progeny that constitute
the bulk of the tumour. This self-renewing ability is central to their role in sustaining long-term
tumour growth.

The interconversion between these subpopulations is influenced by factors in the tumour
microenvironment. For example, GBM stemness has been shown to increase in response to
alkylating agents like TMZ (73), as well as exposure to growth factors (e.g. bFGF) (74),
transcription factors (e.g. Oct4, Sox2, Nanog) (75), and cytokine-driven STAT3 signaling
activated from astrocytes (76). Tumourigenic CSCs, including GSCs in GBM, are thought to drive
tumour growth and disease progression through their therapy-resistant phenotype and potential for
metastasis. Whereas their non-tumourigenic progeny make up the bulk of the tumour mass (72,
77, 78).

Bidirectional interconversion between differentiated non-progenitor cells and
undifferentiated GSCs further contributes to intratumoural heterogeneity and maintains the pool
of tumour propagating cells (79). This model explains one potential source of intratumoural
heterogeneity and its role in therapy resistance while emphasizing the likelihood of tumour
development from genetically distinct GSCs. Meyer et al. demonstrated that the expression of
MGMT, MGMT promoter methylation, and cellular response to TMZ varied among distinct clones
isolated from the same tumour (80). This finding suggests that TMZ resistance exists at the clonal
level within a tumour and illustrates the importance of GSC heterogeneity in driving clonal-level

resistance and treatment failure in GBM.
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1.1.2.5 Role of miRNAs in TMZ chemoresistance in GBM

MicroRNAs (miRNAs) are small, single-stranded non-coding RNA molecules
approximately 21-23 nucleotides in length. miRNAs are generated by an enzyme called Dicer,
which processes ~70 nucleotide-long precursor RNA molecules into mature miRNAs. Rather than
encoding proteins, they bind to complementary sequences on target messenger RNAs (mRNAs),
thereby repressing protein translation or promoting mRNA degradation (81, 82). In cancer,
miRNAs serve dual roles: they function intracellularly to regulate gene expression and also act as
extracellular signalling molecules. Tumour cells often package miRNA molecules into exosomes,
microvesicles, and high-density lipoproteins to shield them from enzymatic degradation,
facilitating their intracellular communication (83-85). Several miRNA molecules are involved in
the maintenance and progression of cancer cells through mechanisms including CSC regulation;
promotion of cell proliferation, invasion, and angiogenesis; induction of autophagy; upregulation
of DNA repair pathways; and evasion of apoptosis (86-88). Unsurprisingly, many of these
mechanisms are implicated in resistance to TMZ.

For example, the downregulation of miRNA-101 has been shown to contribute to TMZ
resistance, whereas its overexpression increases sensitivity to TMZ in U251 GBM cells by
repressing MGMT expression through promoter methylation (89). Similarly, the upregulation of
miRNA-21 inhibits TMZ-induced apoptosis by reducing caspase activity. In contrast, inhibition
of miRNA-21 enhances TMZ sensitivity in resistant GBM cells to TMZ (90, 91).

High-throughput miRNA profiling has identified numerous miRNAs associated with GBM
pathogenesis (92), including those involved in regulating and maintaining CSC characteristics
(93). In a study by Srinivasan et al., a ten-miRNA signature was found to correlate with patient

survival: three miRNAs (miR-20a, miR-106a, and miR-17-5p) displayed tumour-suppressive
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functions, while the remaining seven (hsa-miR-31, hsa-miR-222, hsa-miR-148a, hsa-miR-221,
hsa-miR-146b, hsa-miR-200b and hsa-miR-193a) were associated with tumour-promoting roles.
Based on this signature, patients were stratified into high and low-risk groups, with high-risk
patients exhibiting significantly poorer overall survival (94). By contributing to tumour
heterogeneity and enabling risk stratification, miRNAs offer both mechanistic insight and potential
as therapeutic targets — supporting the broader view that resistance in GBM is shaped by complex,

multi-level regulation.

1.1.2.6 Role of drug efflux in TMZ chemoresistance in GBM

Drug efflux transporters reduce intracellular drug accumulation by actively transporting
cytotoxic agents out of the cell. The ATP-binding cassette (ABC) transporter family is one of the
comprising over 40 transporters in humans, plays a key role in this process. Beyond drug transport,
ABC proteins also regulate osmotic balance, lipid trafficking, and cell division (95). These integral
membrane proteins use ATP to power the translocation of various substrates across the plasma
membrane (96-98). In GBM, ABCBI (also known as MDR1) is frequently overexpressed and has
been implicated in TMZ resistance (99, 100). Notably, a single-nucleotide polymorphism in the
MDRI1 gene (C1236T) has been associated with survival outcomes in patients treated with TMZ
(101).

These findings suggest that ABC transporters contribute to chemoresistance and may serve
as both therapeutic and prognostic biomarkers in GBM. Taken together with other resistance
mechanisms — such as DNA repair pathways, glioma stem cells, and miRNAs — drug efflux
transporters form part of a multifaceted resistance network against TMZ therapy in GBM (Figure

1.3). Understanding these interconnected pathways is critical to developing strategies that
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overcome or bypass resistance. This complexity is further exemplified by the role of autophagy, a
stress response mechanism that has emerged as both a contributor to and potential target for

overcoming TMZ.
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Figure 1.3. Cellular mechanisms underlying TMZ resistance in GBM. Overview of cellular
mechanisms contributing to TMZ-resistance in GBM, including base excision repair, glioma stem

cells, miRNAs, drug efflux, MGMT activity, and mismatch repair.

1.1.3 Autophagy and TMZ chemoresistance
Autophagy is a highly conserved catabolic process that enables cells to degrade and recycle

damaged organelles and macromolecules, often as a survival strategy under stress. In GBM, TMZ
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induces DNA damage that can activate autophagy. Paradoxically, this activation may protect
tumour cells by clearing cytotoxic components and supplying essential metabolic substrates,
ultimately promoting survival. This pro-survival role of autophagy has been implicated in
resistance to TMZ. As a result, autophagy inhibitors are being investigated as adjuvant therapies
to improve TMZ efficacy. Elucidating the mechanisms by which autophagy contributes to

chemoresistance is crucial for developing more effective therapeutic approaches for GBM (102).

1.1.3.1 Autophagy mechanism

Autophagy operates through several evolutionarily conserved pathways that mediate the
lysosomal degradation and recycling of intracellular components, including misfolded proteins,
damaged organelles, and invading pathogens (103). While autophagy occurs constitutively at basal
levels to maintain cellular homeostasis, it is markedly upregulated in response to cellular stressors
such as hypoxia, nutrient deprivation, or exposure to cytotoxic agents. In mammalian cells, three
distinct types of autophagy have been characterized: macroautophagy, microautophagy, and
chaperone-mediated autophagy (CMA). All converge on the lysosome for degradation and
recycling of cargo. Macroautophagy and microautophagy are conserved in eukaryotic cells,
whereas CMA is restricted to mammalian cells.

Macroautophagy is characterized by the formation of double-membrane vesicles called
autophagosomes, which sequester cytoplasmic material and deliver it to the acidic lysosome for
degradation. In contrast, microautophagy involves the direct engulfment of cytoplasmic
components by lysosomal membrane invagination, bypassing the need for autophagosomes. CMA
is distinguished by the presence of a specific pentapeptide motif (Lys-Phe-Glu-Arg-Gln) in

substrate proteins, which targets them for lysosomal degradation via recognition by heat shock
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cognate protein 70 (Hsc70) and interaction with lysosomal-associated membrane protein 2A
(LAMP2A) (103).

Of these, macroautophagy (hereafter referred to simply as autophagy) is the most
extensively studied and will be the focus of this section. Autophagy is regulated by a set of proteins
encoded by approximately 30 autophagy-related genes (ATGs), including components that form
the ULK1 complex, the phosphoinositide 3-kinase (PI3K) complex, and various ubiquitin-like
conjugation systems (Figure 1.4)(103). Central to autophagy regulation is the mechanistic target
of rapamycin (mTOR), which suppresses the process by inhibiting the kinase activity of unc-51-
like kinase (ULK1), thereby blocking autophagy induction (103). Under cellular stress, autophagy
is initiated via activation of 5-AMP-activated protein kinase (AMPK), which phosphorylates
ULKI1. This phosphorylation triggers a conformational change in ULK1, enabling its interaction
with FIP200, ATGI13, and ATGI101 to form the ULKI complex. Activated ULKI then
phosphorylates its own complex components, enhancing their activity and directing the complex
to the phagophore assembly site (PAS) (104-106).

AMPK also phosphorylates Beclin-1, leading to the formation of the class III PI3K-VPS34
complex, which contains Beclin-1, VPS34, VPS15, and ATG14L (107, 108). These functional
units — the ULK1 complex, PI3K complex, ATG12-conjugation system, and microtubule-
associated protein 1A/1B-light chain 3B (hereafter referred to as LC3f)-conjugation system — are
recruited to the PAS to drive nucleation, the early stage of phagophore formation (109-111).

In the ATG12-mediated pathway, ATG12 is activated by ATG7 and conjugated to ATGS.
ATGI16L stabilizes the ATG12-ATGS conjugate to form the ATG12-ATG5-ATgl6L complex,
which is essential for the LC3 conjugation system. In parallel, pro-LC3 (cytosolic form) is cleaved

at its C-terminal by ATG4B to generate LC3B-I (112, 113). LC3PI is then lipidated with
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phosphatidylethanolamine by ATG7 and ATG3, producing LC3II, which embeds into the
growing autophagosomal membrane (114, 115).

Finally, lysosome-associated membrane protein 2 (LAMP2), soluble NSF attachment
protein receptors (SNARES), and the homotypic fusion and protein sorting (HOPS) complex
mediate fusion of the autophagosome with the lysosome. Within the resulting autolysosome,

enzymes such as proteases, acid phosphatases, lipases, and nucleases degrade the autophagosome

cargo (116).
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Figure 1.4. Autophagy signalling pathway and autophagosome formation. Autophagy is
primarily regulated by mTOR, which inhibits ULK and blocks autophagy induction. Under cellular
stress, autophagy is initiated by AMPK overexpression, which phosphorylates ULK1 to promote
the formation of the ULK 1 complex and the PAS. AMPK also phosphorylates Beclin-1, facilitating
the formation of the PI3K complex. The ULKI complex, PI3K complex, and the ATG12- and
LC3-conjugation systems are recruited to the PAS, where they participate in autophagosome
formation. Finally, degradation of the sequestered cellular contents occurs after fusion of the

autophagosome with the lysosome.
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1.1.3.2 Tumour-suppressing and tumour-promoting autophagy in cancer

Autophagy has a controversial role in cancer because it can promote or antagonize tumour
progression. Tumour-suppressing autophagy protects against tumour development by maintaining
cellular homeostasis primarily through the removal of damaged cell organelles and proteins, and
by mitigating oxidative stress (117, 118). Tumour-promoting autophagy can contribute to cancer
progression by supplying cells with energy and metabolic substrates necessary for rapid growth
and proliferation. Autophagy also acts as a critical adaptive response to cellular stressors such as
hypoxia, nutrient deprivation, and cytotoxic challenges (119, 120). Defects in autophagic
machinery or alterations in ATGs have been implicated in various human diseases, including
neurodegenerative disorders, lysosomal storage diseases, and multiple types of cancer (121, 122).

Different studies highlight the function of Beclin 1 as a tumour suppressor, with the deletion
of the BECNI1 gene observed in human breast, prostate, and ovarian cancers (118, 123, 124).
Takamura et al. investigated the role of ATGS and ATG7 in the progression of liver cancers. They
used knockout mice models to show that the deletion of ATG5 and ATG7 promotes liver
tumourigenesis through accumulation of damaged mitochondria and oxidative stress (125).

Autophagy is believed to have an essential role in colorectal cancer progression. The co-
localization of p62 with CSC marker doublecortin-like kinase 1 (dckll) contributes to tumour
growth and progression by impeding dckl1’s elimination during colon cancer development (126).
Autophagy inhibitors, such as 3-methyladenine (3-MA), have been shown to increase the
sensitivity of hepatocellular carcinoma to chemotherapy, demonstrating autophagy’s role in
therapy resistance (127). Contrastingly, an anti-tumour compound known as dihydroartemisinic,

stimulates tumour-suppressing autophagy in cervical and endometrial cancers (128).
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Autophagy’s dual role as both a tumour-promoting and tumour-suppressing factor in
cancers makes it a complex and debated topic, with its ultimate function being highly context-
dependent. This complexity exemplifies autophagy’s “double-edged sword” nature in tumours
(129, 130). Autophagy’s role in tumour development and chemotherapy response remains a
significant focus of cancer research. Many studies confirm that, in established tumours deprived
of nutrients or oxygen, autophagy promotes tumour growth and can undermine the efficacy of
chemotherapeutic agents such as TMZ (131-133). Thus, inhibiting autophagy is intuitively
considered a potential strategy to improve treatment efficacy. As previously mentioned, a
significant challenge in the standard of care for GBM is that, in most cases, patients develop
mechanisms of resistance against TMZ, which contributes to low OS and poor prognosis.
Increasing studies demonstrate that TMZ treatment may induce autophagy. However, the
mechanisms involved are not fully understood. Elucidating how autophagy is involved in GBM

tumour progression is critical to developing therapeutic strategies to improve patient outcomes.

1.1.3.3 Survival autophagy and its role in TMZ-resistant GBM

DNA alkylating drugs, like TMZ, are integral to treating patients with GBM. However,
activation of intracellular pathways can lead to the development of resistance via circumventing
cell death mechanisms (134, 135). Several studies demonstrate TMZ’s ability to induce autophagy
— which has been suggested as a mechanism of chemoresistance to alkylating drugs in GBM (135-
137). Autophagy has been shown to have a pro-survival role in tumours, where it is further induced
in response to imposed stress, such as limited nutrient availability, hypoxic environments, and
DNA damage. Understanding how autophagy is involved in GBM tumour development and its

response to TMZ has been a significant focus of basic science research. Liu et al. demonstrated
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that autophagy was induced following treatment of GBM cells with cisplatin, a platinum-based
chemotherapy medication used to treat several cancers. When the retinoblastoma protein (pRB),
a key regulator of cell cycle and survival, was knocked down, GBM cells became more dependent
on autophagy for survival. Inhibiting autophagy under these conditions sensitized the cells to
apoptosis, indicating that autophagy helps protect pRB-deficient GBM cells from chemotherapy-
induced cell death (138).

A study using GBM xenografts investigated the effects of blocking autophagy with
chloroquine, a drug that prevents autophagosomes from fusing with lysosomes — a crucial step in
the autophagy process. Treatment with bevacizumab caused hypoxia in tumour cells, which
triggered autophagy, helping the cells survive and resist chemotherapy. However, when
chloroquine was combined with bevacizumab, this protective autophagy was blocked, resulting in
reduced tumour growth reduced tumour growth (139). These findings suggest that inhibiting
autophagy can make GBM tumours more sensitive to treatment and help overcome drug resistance.
Wojton et al. hypothesized that autophagy may prevent tumour formation in early stages but later
supports tumour growth and resistance to chemotherapy in GBM (140). Supporting this, Kanzawa
et al. found that blocking autophagy early with class III PI3K inhibitors like 3-MA reduced the
effectiveness of TMZ, whereas blocking autophagy at a later stage with bafilomycin A1 (BafAl)
increased TMZ’s ability to kill tumour cells (141).

These findings highlight autophagy as a promising target to improve the efficacy of drugs
such as bevacizumab and TMZ, which induce autophagy as a protective response. A clearer
understanding of autophagy’s role in GBM progression and TMZ resistance will guide the

development of therapies that manipulate autophagy to improve patient outcomes.
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Mitochondria play a significant role in regulating cellular stress responses, including
apoptosis. Damaged mitochondria are typically removed by mitophagy, the selective degradation
of mitochondria by autophagy, which counteracts cell death. B-cell lymphoma-2 (BCL-2) family
proteins are closely involved in these processes as they interact with pro- and anti-apoptotic
proteins at the mitochondria to determine their fate. The following section will detail how BCL-2

family proteins are understood to be involved in these cell stress responses.

1.1.4 BCL-2 protein family

BCL-2 family proteins are critical regulators of intrinsic (mitochondria-mediated)
apoptosis and are characterized by the presence of one or more conserved regions known as BCL-
2 homology (BH) domains (142, 143). Most BCL-2 family members also contain a hydrophobic
transmembrane (TM) domain that anchors them to membranous organelles such as mitochondria
(144, 145). The BH domains mediate interactions among family members and determine their pro-
or anti-apoptotic function.

The BCL-2 family is broadly divided into three groups: multi-domain anti-apoptotic
proteins, multi-domain pro-apoptotic (pore-forming) proteins, and BH3-only pro-apoptotic
proteins (146). The anti-apoptotic subfamily includes proteins containing four BH domains (BH1-
4), with the BH4 domain being essential for their anti-apoptotic function (147). The pore-forming
pro-apoptotic proteins, such as BAX and BAK, possess BHI1-3 domains, while the BH3-only pro-
apoptotic proteins contain only the BH3 domain (148, 149). BH3-only pro-apoptotic proteins
activate BAX or BAK either directly or by inhibiting anti-apoptotic members, leading to

mitochondrial outer membrane permeabilization (MOMP) cytochrome c release, which triggers
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apoptosis (150). Anti-apoptotic members prevent apoptosis by sequestering and inhibiting pro-
apoptotic proteins, effectively balancing cell survival and death.

Pro-apoptotic ‘activator’ proteins are upregulated in response to cellular stress or damage.
Anti-apoptotic proteins can bind and neutralize these activators, preventing apoptosis. However,
if anti-apoptotic proteins are insufficient to sequester activators, pore-forming proteins promote
apoptosis (151, 152). BH3-only ‘sensitizer’ proteins, also induced by stress, do not directly
activate BAX and BAK but can release sequestered activators by binding to anti-apoptotic
proteins, tipping the balance towards apoptosis (146). Thus, tight regulation of the expression and
interaction of BCL-2 family members is critical in determining cell fate.

Many isoforms of the BCL-2 protein family exist (Table 1.1). The following sections will
focus primarily on BCL-2-like protein 13 (BCL2L13), a recently identified member that exhibits

both pro- and anti-apoptotic functions (149).

Table 1.1. Classification of BCL-2 family proteins by apoptotic activity and domain composition.

Subfamily Activity BH Domain TM Domain Members

BCL-2
BCL-X.
Anti-apoptotic Anti-apoptotic BH1-4 Yes BCL-W
BCL-B
MCL-1

BAX
Pore-forming Pro-apoptotic BH1-3 Yes BAK

BOK
BNIP3L/Nix"
BIM

BH3 No BIK
HRK
NIP3
Noxa
BH3 No BAD

BID

BH3-only Pro-apoptotic

24



PUMA
BMF
MAP-1
. BHI1-4
Other Mixed Yes BCL2L13
(+tBHNo)

T"BNIP3L/Nix is an exception as it has a TM domain, but most BH-3 only proteins lack TM
domains.
1.1.4.1 BCL2L13 structure, function, and tissue distribution

BCL2L 13, also referred to as BCL-rambo, is a novel member of the BCL-2 protein family.
It contains all four conserved BH domains, a unique c-terminal 250-amino acid region called the
BHNo domain, and a TM domain (153). Initial studies found that overexpression of BCL2L13
induced apoptosis in mammalian cells independently of its conserved BH domains. Instead,
apoptosis was mediated by its BHNo and TM domains (153). Another study showed that the TM
domain is essential for BCL2L13’s pro-apoptotic activity, as its deletion abolished the protein’s
ability to induce cell death (154). The TM domain also enables BCL2L13 to localize to the outer
membrane of mitochondria (153, 155).

More recently, BCL2L13 was shown to have anti-apoptotic activity in SF767 human GBM
cells. Here, the BHNo domain interacted with ceramide synthases 2 and 6, preventing their
dimerization and thereby inhibiting pro-apoptotic BAX activity (156). These findings suggest that
BCL2L 13 has dual, context-dependent functions, acting as either a pro- or anti-apoptotic protein.

Subcellular proteome mapping revealed that BCL2L13 is most often located in the outer
mitochondrial membrane (157). Using an integrated omics approach, Uhlén et al. found that
BCL2L 13 protein expression is highest in the cerebral cortex, oral mucosa, and skeletal muscle
(158). BCL2L13 has been implicated in physiological processes such as growth and development

(via its its pro-apoptotic function) and energy metabolism (through mitochondrial regulation) (159,
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160). The next section will describe experimental model systems used to investigate the role of

BCL2LI13.

1.1.4.2  Genetic models available

Early studies using human embryonic kidney 293T cells showed that overexpression of
BCL2L13 localized the protein to mitochondria and induced apoptosis (153). Subsequent work
ectopically expressed human BCL2L13 in Drosophila melanogaster, where it also localized to
mitochondria in Schneider 2 cells. Full-length BCL2L13 induced apoptosis, whereas a variant
lacking the C-terminal transmembrane domain did not (161).

BCL2L13 is the functional mammalian homolog of ATG32, a mitochondrial receptor
essential for mitophagy in yeast (162). To determine which ATGs are required for BCL2L13-
mediated mitophagy, Murakawa et al. expressed BCL2L13 in Saccharomyces cerevisiae strains
individually lacking different ATGs. Mitophagy activity was assessed by monitoring degradation
of the fluorescent reporter mCherry. The results showed that BCL2L.13 requires ATG1, 13, 17, 29,
and 31 — but not ATG11 — to induce mitophagy, indicating that the machinery driving ATG32-
dependent mitophagy in yeast is only partially conserved in mammals. Notably, BCL2L13 was
able to compensate for the absence of ATG32 under nitrogen starvation by recruiting the
mammalian ULK1 complex, which restored mitochondrial degradation in ATG32-deficient yeast.
In contrast, cells lacking both ATG32 and BCL2L13 showed no evidence of mitophagy. These
findings reveal that BCL2L13 retains a conserved mitophagy-inducing capacity across species,
while employing partially distinct molecular components, making it a valuable model for studying

mitochondrial quality control mechanisms (163).
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More recently, Drosophila models have been used to investigate the regulation of
BCL2L13 in apoptosis, mitochondrial fragmentation, and mitophagy. This work identified
phosphoglycerate mutase family member 5 (PGAMY) as an interacting partner that promotes
BCL2L13-dependent apoptosis but inhibits its role in mitophagy (164). Collectively, studies in
human cell lines, Drosophila, and yeast have established BCL2L13 as a conserved mitochondrial
protein capable of inducing apoptosis and mediating mitophagy, while revealing both shared and
distinct molecular requirements across species. These genetic studies set the stage for examining

BCL2L13’s specific contributions to autophagy and mitophagy.

1.1.4.3  BCL2LI13: Role in autophagy and mitophagy

Autophagy is a fundamental cellular process that sequesters and degrades cytosolic
components, breaking down macromolecules into their constituent part to maintain energetic
demands and metabolic homeostasis. It’s ability to catabolize damaged, aging, or excess organelles
is central to cellular maintenance and prevents accumulation of cellular damage (165, 166).
Mitochondria, beyond being the primary energy producers of eukaryotic cells, also play key roles
in tissue homeostasis and aging, influencing cellular senescence, stem cell function, apoptosis, and
gene expression (167-171). Maintaining healthy mitochondria — and, by extension, metabolic
homeostasis — depends largely on mitophagy, the selective autophagic degradation of damaged or
dysfunctional mitochondria (172, 173).

Two well-characterized mitophagy pathways exist: parkin-mediated and non-parkin-
mediated. In healthy mitochondria, phosphatase and tensin homolog (PTEN)-induced kinase 1
(PINK]1) is cleaved and degraded. In dysfunctional mitochondria, which are often depolarized or

contain misfolded protein aggregates, PINK1 accumulates on the outer mitochondrial membrane.
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There, it phosphorylates ubiquitin on mitochondrial proteins — the signal that marks mitochondria
for degradation — and phosphorylates Parkin, activating its ligase activity to amplify ubiquination
and the phosphor-ubiquitin signal (174, 175).

The non-parkin-mediated pathway relies on mitochondrial receptors such as BCL2
interacting protein 3 (BNIP3), BCL2 interacting protein 3 like (BNIP3L/Nix), and BCL2L13.
These receptors contain conserved regions that interact with LC3, recruiting mitochondria to the
phagophore (173, 176). Specifically, BCL2L13 binds directly to the LC3/GABARAP family of
proteins via an LC3-interacting region (LIR), demonstrating its function as a mitophagy receptor

(177, 178) (Figure 1.6).

A. Parkin mediated mitophagy
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Figure 1.5. Mechanisms of parkin-dependent and parkin-independent mitophagy (A) Parkin-

mediated mitophagy: PINK1 accumulates on damaged mitochondria and phosphorylates both
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ubiquitin (Ub) and parkin, activating parkin’s ligase activity and flagging the mitochondria for
recruitment to the autophagosome. (B) Non-parkin mediated mitophagy: outer mitochondrial
membrane receptors, including BCL2LI13, interact with LC3B via their LIR, targeting

mitochondria to the autophagosome.

1.1.44  BCL2LI13: Role in cancer and other known pathologies

BCL2L13 regulates mitophagy, cell growth, development, and energy metabolism.
Dysregulation of these processes can contribute to various pathologies, including
neurodegenerative diseases, cardiovascular diseases, infections, and cancer. Neurons, due to their
high energy demand, are particularly sensitive to mitochondrial damage. Consequently, impaired
mitophagy has been linked to Parkinson’s and Alzheimer’s diseases (179, 180). Mutations in
Parkin and PINKI1 cause the autosomal recessive form of Parkinson’s disease (181, 182). In
Alzheimer’s disease, neurons exhibit mitochondrial dysfunction disrupted mitophagy, leading to
accumulation of damaged mitochondria (183-185).

BCL2L 13 also plays a role in cardiovascular disease. For example, miR-484 expression is
down-regulated in neurons subjected to oxygen-glucose deprivation (OGD), and its upregulation
alleviates cerebral ischemia/reperfusion injury by inhibiting apoptosis via post-transcriptional
silencing of BCL2L13 (186). Additionally, phosphorylation of PINK1 by AMPKuoa2 is critical for
proper mitophagy and preventing heart failure progression, while the dominant AMPKa isoform
in the heart is AMPKal (187).

BCL2L13 is implicated in bacterial infections as well. Specifically, Legionella

pneumophila expresses a virulence factor, anhydromevalonyl-CoA transferase, that counteracts
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BNIP3 and BCL2L13 activity in lung macrophages, preventing apoptosis and enabling bacterial
replication (188).

In cancer, BCL2L13 continues to be extensively studied. It is elevated in childhood acute
lymphoblastic leukemia (ALL) and involved in L-asparaginase resistance, serving as an adverse
prognostic factor (189). Its expression is higher in proximal versus distal gastric cancer, suggesting
a role as a disease progression marker. Conversely, downregulation of BCL2L13 correlates with
poor prognosis in clear and papillary renal cell carcinoma (190). These contrasting findings
underscore the complexity of BCL2L13's role in cell signaling across different contexts. From a
mitophagy perspective, one might hypothesize that inhibiting mitophagy could benefit cancer
therapy, whereas activating it might support cell survival by maintaining mitochondrial
homeostasis. However, cancer cells' adaptive nature and resilience suggest that the relationship is

not this straightforward.

1.1.4.5  BCL2LI13: Role in glioblastoma

BCL2L 13 is expressed at higher levels in GBM, where it displays complex functional roles.
Beyond promoting apoptosis and mediating the selective mitochondria degradation, BCL2L13
also exhibits anti-apoptotic functions. Upregulation of BCL2L13 blocks caspase activation,
whereas its knockdown increases caspase activation. Jensen et al. showed that this anti-apoptotic
effect is mediated through lipid synthesis. Specifically, BCL2L13 uses its BHNo domain to bind
pro-apoptotic ceramide synthases 2 and 6 (CerS2/6), preventing their homo- and
heterodimerization and inhibiting apoptosis upstream of Bax activation and MOMP. Furthermore,

CerS2/6 activity inversely correlates with BCL2L13 in GBM tumours (156). Because effective
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chemotherapeutic agents such as TMZ rely on inducing apoptosis, understanding lipid profiles in

GBM is critical to addressing chemoresistance.

1.2 Lipidomics
1.2.1 Lipids

Lipids are a major class of biomolecules in cells, characterized by a wide structural
diversity that underlies their numerous functions. Primarily, lipids are critical for forming and
maintaining the structure and fluidity of biological membranes, which in turn influence membrane
dynamics such as fission, fusion, and budding — processes essential for cell division and autophagy
(191, 192). The fluid nature of membranes also facilitates the aggregation and dispersion of
membrane proteins, modulating their activity and interactions (193).

Beyond structural roles, lipids serve as high-energy storage molecules due to their
relatively reduced state. They are also involved in signalling: hydrolysis of polar headgroups can
generate second messengers, metabolism of hydrocarbon tails can produce lipid messengers, and
lipids can regulate protein function and localization. Additionally, lipids act as precursors for the
synthesis of signalling molecules known as lipid mediators (194-200).

Fatty acids (FAs) are one of the primary lipids in eukaryotic cells (201). FAs are aliphatic
molecules with both hydrophobic and hydrophilic regions. They vary in carbon chain length,
degree and position of unsaturation, and polar head groups. FAs are the building blocks of more
complex lipids, including phospholipids and sphingolipids (202).

Phospholipids consist of a glycerol backbone attached to two fatty acid chains and a polar
phosphate head group, enabling them to form the lipid bilayers essential for membrane integrity

and dynamics. Sphingolipids, in contrast, contain a sphingosine backbone linked to both a polar
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head group and an acyl group, often a fatty acid. The simplest sphingolipid, ceramide, has only a
hydrogen as its polar head group (202). These structural differences contribute to the diverse roles
of phospholipids and sphingolipids in membrane organization, signaling, and cellular processes.
Among sphingolipids, ceramides are particularly important as bioactive molecules that connect
lipid structure to key cellular functions including apoptosis, stress responses, and metabolic
regulation. The following section will focus on ceramides, their synthesis, metabolism, and
regulation in mammalian cells.
1.2.2  Ceramides

Ceramide is an essential intermediate in sphingolipid metabolism in mammalian cells
(203). Ceramides are bioactive sphingolipids that regulate numerous cellular processes, including
cell cycle arrest, apoptosis, senescence, and stress responses (204, 205). Ceramides of different
acyl chain lengths are primarily synthesized by ceramide synthases (CerS). Six distinct CerS
enzymes are encoded by separate genes, each with specificity for particular acyl-CoA chain
lengths, producing ceramide species with distinct, but overlapping, acyl chains (206, 207).

Structurally, ceramide comprises a sphingosine backbone linked to a fatty acid via an
amide bond (208, 209). Ceramides serve as precursors for more complex sphingolipids, including
glucosylceramide, ceramide-1-phosphate, sphingomyelin, and galactosylceramide, and can also be
generated through the catabolism of these complex sphingolipids. Figure 7 illustrates major
pathways of ceramide production in the cell.

Endogenous ceramides are synthesized de novo in the endoplasmic reticulum, beginning
with the condensation of L-serine and palmitoyl-CoA, followed by several enzymatic reactions
that lead to the production of ceramide (210). Ceramide can also be generated through the salvage

pathway, where it is hydrolyzed to sphingosine and then acylated back to ceramide (211).
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Figure 1.6. Major pathways of ceramide metabolism. Ceramide occupies a central position in
sphingolipid metabolism and is generated through de novo synthesis from palmitoyl-CoA and
serine. Ceramide can be interconverted with sphingomyelin, glucosylceramide, sphingosine, and
sphingosign-1-phosphate through the actions of key metabolic enzymes, which are shown in
pink.
1.2.2.1 Ceramide synthase activity regulation

The mechanisms that regulate CerS activity are not yet fully understood. Recent studies
suggest that the dimerization of different CerS enzymes may play a role in regulating ceramide
synthesis. In this context, the activity of individual CerS enzymes in homo- or heterodimers may
depend on, and be modulated by, the other monomers, indicating that dimerization could serve as

a regulatory mechanism (212). CerS monomers and dimers exist in equilibrium in the endoplasmic
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reticulum, and the processes of dimerization or dissociation may contribute to rapid and efficient
regulation of activity (212).

Post-translational modifications of CerS are also implicated in regulation, although the
mechanisms remain incompletely elucidated. Evidence suggests that CerS phosphorylation can
influence activity; for example, increased de novo ceramide synthesis has been linked to activation
of protein kinase C and subsequent upregulation of CerS5 activity (213, 214). Additionally, high-
performance mass spectrometry has shown that CerS can be phosphorylated and glycosylated,
supporting the idea that rapid changes in CerS activity may occur through post-translational

modification (215-218).

1.2.2.2 Ceramides' role in regulating apoptosis

Apoptosis is a form of programmed cell death characterized by distinct morphological
features and biochemical mechanisms (219, 220). Two main types of apoptosis exist: intrinsic and
extrinsic. The loss of integrity of the mitochondrial outer membrane is a crucial determinant of
intrinsic pathway execution. Different proteins contribute to apoptosis initiation and subsequent
MOMP by forming pores (221). For example, pro-apoptotic members of the BCL-2 protein family,
BAX and BAK, are key regulators (222, 223).

Ceramides also form channels in the mitochondrial outer membrane (224-226). Although
most studies link ceramides' role in apoptosis to channel formation and MOMP, they also regulate
apoptosis through interactions with both anti- and pro-apoptotic BCL-2 family proteins (227, 228).
Ceramide channel formation depends on the specific structure of ceramides, including
the degree and location of unsaturation. Recent studies demonstrate that different ceramides form

channels of varying sizes and numbers in isolated mitochondria (228). Overexpression of ceramide
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synthases in HEK cells increases production of specific ceramides (229). Furthermore, the addition
of very-long chain ceramides can interfere with C16-ceramide-induced channel formation (228).

Ceramides also regulate apoptosis through anti-apoptotic BCL-2 family proteins, BCL-2
and BCL-xL. BCL-2 phosphorylation is required for its anti-apoptotic function (230). Ceramides
may influence BCL-2 phosphorylation and function by activating protein phosphatase 2A, which
removes the phosphate group from BCL-2. The fatty acid chain lengths of ceramides are important
for regulating ceramide channels in the presence of BCL-xL (231). BCL-xL prevents ceramide
channels formation, and hence ceramide-induced apoptosis (232). This prevention is less effective
when ceramide has truncated fatty acyl chains, suggesting a critical role for acyl chain length in
binding to BCL-xL. One study found that BCL-xL inhibits channel formation by C17-, C18-, and
C20-ceramides (233).

Finally, ceramides also act through pro-apoptotic BCL-2 proteins BAX and BAK. BAX
plays a central role in maintaining mitochondrial outer membrane integrity, directly participating
in pore formation and the release of cytochrome c, a key apoptotic mediator (234-238). Evidence
suggests that BAX and ceramide synergistically promote MOMP (239). Loss of BAX inhibits the
C2-ceramide-induced apoptosis in colorectal cancer cells, highlighting the dependence of
ceramide-induced apoptosis on BAX [98,99]. Recently, cell-permeable ceramides have been
shown to induce conformational changes in the N-terminus of BAX, further promoting apoptosis

(240).

1.2.2.3 Ceramides role in regulating apoptosis in cancer

Owing to their regulatory role in apoptosis, CerS and ceramides have been implicated in

the pathogenesis of various cancers. For example, CerS1 overexpression sensitizes human

35



embryonic kidney cells to multiple chemotherapeutic agents such as carboplatin, cisplatin,
vincristine, and doxorubicin. In contrast, CerS5 increases sensitivity only to doxorubicin and
vincristine, whereas CerS4 appears to have no impact on drug responsiveness (241). Similarly,
CerSl1 plays a key role in doxorubicin-induced, caspase-dependent apoptosis in head and neck
squamous cell carcinoma (HNSCC) (242). In this context, silencing CerS1 expression with
siRNA reduced apoptosis by approximately 50%, accompanied by diminished activation of
caspase-3 and caspase-9. Liquid chromatography-mass spectroscopy analysis further revealed that
only C18-ceramide, the principle product of CerS1, accumulated following doxorubicin treatment.
These findings identify C18-ceramide as a central mediator of doxorubicin-induced apoptosis in
HNSCC (242). The CD95 (Fas) death receptor and its ligand CD95L act together to induce
apoptosis (243). CerS6 has been shown to modulate the activation of CD95 and the subsequent
induction of apoptosis (244). The tumour-necrosis-factor related apoptosis-induing ligand
(TRAIL), another member of the tumour-necrosis-factor (TNF) superfamily, induces apoptosis
through its death receptors DR4 and DRSS, initiating caspase-8 and caspase-10 activation (245,
246). Normal cells typically resist TRAIL-mediated apoptosis because of their low receptor
expression (247). In colon adenocarcinoma models, CerS6 overexpression enhanced CD95
activation and apoptosis, whereas knockdown of CerS6 abolished these effects (248).

In breast cancer, CerS2 and CerS6 levels are elevated in nearly half of tumour samples
relative to normal tissues, suggesting that their products — C16-ceramide and C24-ceramide — may
promote survival rather than apoptosis (249). In contrast, within GBM, CerS2 and CerS6
overexpression enhances caspase activation, while silencing their expression suppresses it (156,
250). Notably, low ceramide levels are associated with higher-grade gliomas and increased GBM

cell viability (156).
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1.2.2.4 Ceramides' role in regulating autophagy

Building on their established role in apoptosis, ceramides also regulate autophagic
pathways that determine cellular fate by influencing both survival and death. Autophagy is a highly
conserved recycling mechanism that targets misfolded proteins or damaged organelles for
lysosome degradation (251). While the primary function of autophagy is cell survival,
dysregulated or prolonged autophagy activation can result in cell death (252, 253). Ceramides have
been implicated in autophagy regulation (254). Most studies describe ceramide involvement
primarily during the initiation and degradation phases of autophagy, with limited research on their
role in elongation. Class I PI3K and Akt are inhibitors of autophagy. C2 or C6-ceramide can
activate protein phosphatase 2A, blocking Akt signalling, thereby inducing autophagy in HT-29
(human colon) and MCF-7 (breast cancer) cell lines (255, 256). Edinger et al. showed that
ceramides rapidly and significantly downregulate amino acid transporter proteins, inhibiting
mTOR activity and inducing autophagy in a protein phosphatase 1 and protein phosphatase 2A-
dependent manner (257). Similarly, C2-ceramide inhibited the expression of a nutrient transporter,
resulting in starvation and AMPK-dependent autophagy in murine prolymphocytic cells (258).
Another study demonstrated that exogenous C2-ceramide led to higher Beclinl expression and
subsequent induction of autophagy (255).

At the molecular level, autophagy is regulated at multiple stages, and ceramides have been
implicated in several initiation mechanisms, such as autophagy induction and pre-autophagosomal
formation. For instance, it has been shown that ceramide induces JNK activation, leading to BCL-
2 phosphorylation (259). Phosphorylated BCL-2 results in its dissociation from Beclinl, removing
its inhibitory role on autophagy. Treatments that elevate the levels of long-chain ceramides

potentiate this effect. Another study demonstrated that treating nasopharyngeal and hepatocellular
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carcinoma cells with ceramide potentiates Beclinl expression, thus inducing autophagy (260).
Concerning pre-autophagosomal formation, sphingosine-1-phosphate (S1P) may influence the
formation of autophagosomes via LC3p lipidation and thus anchoring to the autophagosomal
membrane. Additionally, Sphk (an enzyme that catalyzes the phosphorylation of sphingosine to
S1P) increases SIP levels and has been shown to enhance preautophagosomal formation in
primary neurons significantly, enhancing overall autophagosome formation (261). Sentelle et al.
provided evidence that C18-pyridinium ceramide treatment, or endogenous C18-ceramide by
CerS1 expression, mediated autophagic cell death independent of apoptosis. Instead, C18-
ceramide induced lethal autophagy via LC3BII lipidation and selective targeting of mitochondria
through direct interaction between ceramide and LC3BII upon Drpl-dependent mitochondrial
fission (262). The association between mitochondria and ER membranes can serve as a membrane
source for phagophore formation, whereby lipid rafts play a key role. Ganglioside GD3 is a
downstream product of ceramides and a component of lipid rafts that binds to the Beclinl complex
(263, 264). In this way, GD3 helps to recruit components necessary for autophagosomal formation.
Like other lipid rafts, GD3 also plays a role in membrane fluidity and curvature (193).

Ceramides have also been implicated in regulating autophagy during fusion, degradation,
and overall autophagic flux, but to a very limited extent. C1P synthesis was recently reported to
induce Ca?"-dependent lysosomal fusion, leading to an increase in vesicle fusion. Levels of C1P
rose significantly during phagocytosis, suggesting that C1P might be involved in autophagosome-
lysosome fusion (265). Some reports show Cl18-ceramide's involvement in regulation at the
degradation step of autophagy, where it can induce the selective targeting of mitochondria (266,
267). In addition to their role in regulating degradation in autophagy, ceramides also serve as

autophagic substrates (268). It has been shown that the fusion step of autophagy depends on lipid
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composition in the cell, such as ceramide levels (269). Another study demonstrated myristate's
ability to enhance autophagic flux in a C14-ceramide and CerS5-dependent manner, indicating a
role for ceramide in modulating autophagy flux (270).

Collectively, these findings highlight ceramides as multifaceted regulators of autophagy,
acting at both the initiation and degradation stages to influence cancer cell fate through their effects

on organelle dynamics, signalling, and membrane composition.

1.2.2.5 Ceramides role in regulating autophagy in cancer

As in the case of apoptosis, different studies implicate CerS and their products in the
modulation of cancer due to their regulatory role in autophagy. However, these studies are mainly
context-dependent, influenced by factors such as fatty acid chain length, subcellular location, the
presence or absence of downstream targets, and the type of cancer being investigated.

In HT-29 colon carcinoma cells under starvation, BCL-2 overexpression inhibits
autophagy, while C2 and C6-ceramide trigger autophagy. Specifically, C2-ceramide increased
BNIP3 accumulation (271). The dissociation of the Beclin1:Bcl-2 complex is independent of BCL-
2 phosphorylation, giving rise to two likely mechanisms through which ceramide dissociates this
complex (272). The first is via JNK1 activation and subsequent BCL-2 phosphorylation, and the
second is through an accumulation of BNIP3, which interferes with the Beclin1:BCL-2 complex.

Dbaibo et al. described that arsenic trioxide (As2O3) induces cytotoxic accumulation of
overall ceramide in leukemia cells (HuT-102, C91-PI, and MT-2 cells) through inhibition of
glucosylceramide synthase (273). It was demonstrated that As>O3 induced autophagic cell death in
these cells, which was associated with increased Beclinl expression. This lethal autophagy was

inhibited when cells were treated with 3-MA (274). C2-ceramide has also been shown to trigger
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autophagic cell death in malignant glioma cell lines (U373-MG and T98G) through disruption of
mitochondrial membrane potential and BNIP3 activation (271). In leukemia cells (HL-60) as well
as Chinese hamster ovary cells (CHO), ceramide-activated protein phosphatases inhibit mTOR,
thereby inducing lethal autophagy (275). In another study that looked at ceramide’s role in
regulating autophagy in U251 and A172 brain cancer cells, CerS1 overexpression led to lethal
autophagy (LC3B lipidation and P62 degradation) via inhibition of the PI3K/AKT pathway. Both
CerS1 overexpression and exogenous C18-ceramide increased the occurrence of autophagosome
formation (LC3 punctate) in both cell types (276).

Together, these findings highlight the isoform- and context-specific functions of CerS
enzymes in modulating autophagy across different cancer types, demonstrating that shifts in

ceramide metabolism can determine whether autophagy serves as a pro-survival or pro-death role.

1.2.3 Lipidomics and its application in cancer

Lipids play a role in many key cellular processes. Their hydrophobic and heavily reduced
characteristics designate them as major constituents of biological membranes and energy storage
molecules. Lipids are also involved in both extracellular and intracellular signaling, where they
transduce signals and potentiate or attenuate signaling cascades by acting as ligands, receptors,
and second messengers. Altered lipid metabolism is among the most prominent metabolic
alterations observed in cancer, where an increase in the biosynthesis or uptake of lipids can lead
to changes in energy homeostasis and contribute to uncontrolled cell growth and tumour formation
(195, 277). Thus, there must be well-established standardized methods for identifying and
quantifying lipids to better understand their impact on cancer progression and therapeutic

outcomes.
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Lipidomics is the systems-level study of networks and pathways of lipids and is a
subdiscipline of metabolomics. Like a genome or proteome that describes complete gene and
protein profiles, a lipidome describes an exhaustive lipid profile (Lipid Metabolism and
Lipidomics Application in Cancer Research Meixia Pan, Chao Qin, 2021). Over the past few
decades, numerous contributions have led to advances in analytical method development for lipid
characterization. Briefly, lipids are extracted from a biological source (e.g. cells, tissue, organ) and
are then analyzed by variations of tandem chromatography (for separation), ionization, and mass
spectrometry for identification (278). Well-developed lipidomic methods can lead to the discovery
of lipid biomarkers for disease diagnosis and monitoring, as well as identifying potential
therapeutic targets (279, 280).

Lipids have long been appreciated for playing critical roles in cancer pathogenesis. Studies
investigating brain tissues of patients with GBM demonstrated that lipid droplets — structures not
observed in normal brain tissue — are abundant in GBM. Still, the exact lipids, their functions, and
the extent of their involvement in GBM and chemoresistance are not well understood (281). One
study investigated lipid metabolism in glioblastoma stem cells and non-stem cells to better
understand how lipid species vary among cellular microenvironments within a heterogenous
tumour such as GBM. There is a striking difference in total lipid content between diverse cell
populations from the same patient. Specifically, CSCs exhibit lower lipid droplet accumulation
compared to non-CSCs in both organoid and xenograft tumours. Targeted lipidomic analysis of
multiple patient-derived models also demonstrated a shift in lipid metabolism between GBM CSCs
and non-CSCs — suggesting that lipids may play a role in maintaining specific microenvironments

and highlighting their potential in depicting cellular state. These findings highlight the importance
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of understanding how lipid content and metabolism differences influence cancer cell development
and progression and how they might serve as therapeutic targets in treating GBM (282).

Another study by Soylemez et al. investigated differences in lipid profiles between patients
with GBM and controls to identify potential biomarkers for GBM diagnosis using an untargeted
lipidomic approach. Using quadruple time-of-flight liquid chromatography-mass spectrometry (Q-
TOF LC/MS), they found differentially regulated lipid species between the two sample sets,
predominantly ceramides, diacylglycerol (DAGsS), triacylglycerols (TAGs), and sphingomyelins
(283). Interestingly, in lipid-restricted growth conditions, GBM cells have been reported to alter
their lipid composition utilizing de novo fatty acid synthesis. Taib et al. reported changes in the
lipidomic profiles of U138 human GBM cells, primarily including phospholipids (PLs), DAGs,
and TAGs, in response to the absence of serum lipids. These lipids have emerged as important
mediators of signal transduction in numerous cell processes. Their findings suggested that
monounsaturated FAs increased GBM proliferation, pointing to a novel lipid droplet-mediated
pathway that may serve as a therapeutic target for patients with GBM (281).

Despite the recent and rapid evolution of lipidomics in basic science and cancer research,
limitations still exist. Namely, the lack of methodological standardization poses challenges in
reproducing results and may result in discrepancies in workflows, data processing, and
interpretation — factors that complicate determining the precise involvement of lipid species in
different cell mechanisms. Further, overreporting and misannotation remains an issue considering
humans' vast diversity of human lipid species, highlighting the importance of carefully formulated
and validated approaches when addressing specific research questions (284, 285).

In summary, robust and standardized lipidomic methodologies, coupled with in-depth data

mining, can help researchers and clinicians better understand how lipids regulate specific
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mechanisms in cancer. They also enable the discovery of novel biomarkers for diagnosis,
monitoring, and therapeutic development, emphasizing the importance of integrating clinical

phenotypes with lipidomic profiles to improve disease management and patient outcomes.

1.3 Hypothesis & Rationale
1.3.1 Hypothesis

Glioblastoma is an aggressive primary brain malignancy characterized by extensive
molecular heterogeneity and resistance to therapy. Temozolomide (TMZ), administered alongside
radiotherapy and surgery as part of standard of care treatment, exerts its cytotoxic effects primarily
through DNA alkylation, which can promote cell-cycle arrest and apoptosis. However, the
development of TMZ resistance remains a major barrier to effected treatment and disease control.

TMZ resistance is multifactorial and extends beyond alterations in DNA damage and
repair. Cellular stress-response pathways, including autophagy, mitochondrial adaptation, and
lipid metabolism, may contribute to the ability of GBM cells to survive therapeutic stress.
Autophagy is a conserved intracellular degradation and recycling pathway that maintains cellular
homeostasis and can have context-dependent tumour-suppressive or tumour-promoting functions.
Alterations in autophagic flux may therefore contribute to the cellular phenotype associated with
acquired TMZ resistance.

BCL2L 13 is a mitochondrial BCL-2 family protein implicated in apoptosis, mitochondrial
homeostasis, and mitophagy, making it a potential link between mitochondrial function and
cellular stress responses in GBM. Ceramides and other sphingolipids similarly participate in
apoptosis, autophagy, and cellular stress signalling. Ceramide synthases, including CerS2 and
CerS6, generate ceramides with distinct acyl-chain compositions and may contribute to changes

in sphingolipid profiles associated with therapeutic resistance.
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Based on these relationships, we hypothesized that BCL2L13 contributes to the TMZ-
resistant GBM phenotype through effects on autophagy and mitochondrial function and is
associated with remodeling of ceramide and complex sphingolipid profiles, including lipid species
associated with CerS2 and CerS6, with these effects differing between TMZ-resistant and TMZ-

non-resistant GBM cells.

1.3.2 Objectives
Objective 1:

To investigate the role of BCL2L13 in regulating autophagy, apoptosis, and mitochondrial
bioenergetics in TMZ-resistant (TMZ-R) compared with TMZ-non-resistant (TMZ-NR) GBM
cells.

Evaluation:

To investigate the role of BCL2L13 in TMZ chemoresistance, a TMZ-R U251 GBM
model was generated using an 18-week pulsed TMZ exposure protocol. Chemoresistance was
evaluated using cell viability, phase-contrast imaging, and flow cytometric analysis of apoptosis
and cell-cycle distribution. Autophagy was assessed by examining LC3B-II and p62 dynamics
over time and following treatment with bafilomycin Al, together with imaging of autophagic
structures by transmission electron microscopy (TEM) and immunocytochemistry (ICC).
Objective 2:

To investigate the relationship between BCL2L13, CerS2 and CerS6, and ceramide and

complex sphingolipid remodeling in TMZ-R and TMZ-NR GBM cells.
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Evaluation:

To investigate the relationship between BCL2L13 and sphingolipid metabolism, targeted
lipidomic profiling was performed in TMZ-R and TMZ-NR U251 cells with and without
BCL2L13 knockdown. Ceramide and complex sphingolipid species were evaluated using lipid
abundance profiles and multivariate analyses to identify lipidomic differences associated with
TMZ resistance and BCL2L13 expression. Particular attention was given to ceramide species

associated with CerS2 and CerS6 activity to examine their potential relationship with BCL2L13.

CHAPTER 2: Materials and Methods

2.1 Reagents and antibodies

Cell culture plastic ware, media, penicillin, streptomycin, and fetal bovine serum (FBS) were
obtained from VWR (Toronto, ON, Canada). Autophagy inhibitor Bafilomycin Al (Catalogue #
B1793), propidium iodide (PI), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT), protease and phosphatase inhibitors were purchased from Sigma-Aldrich (Sigma-
Aldrich, Oakville, CA). BCL2L13 short hairpin RNA (shRNA) and control shRNA were
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Puromycin dihydrochloride
and Polybrene were purchased from Santa Cruz Biotechnology (Santa Cruz Biotechnology, US).
BCL2L13 polyclonal antibody (Rabbit anti-human/mouse) was obtained from Proteintech
(Rosemont, IL, USA). LC3p polyclonal antibody (Rabbit anti-human/mouse) was purchased from
Sigma-Aldrich (Sigma-Aldrich, Oakville, CA). Glycerinaldehyde-3-phosphate-dehydrogenase
(GAPDH) monoclonal antibody (Mouse anti-human/mouse) was purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). All other primary antibodies were purchased from Cell

Signaling Technology (Canada). Anti-rabbit IgG (whole molecule) and anti-mouse IgG (Fab
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specific) peroxidase-conjugated secondary antibodies were purchased from Sigma-Aldrich
(Sigma-Aldrich, Oakville, CA). Secondary conjugated-antibodies (donkey anti-rabbit IgG-
AlexaFluor-594, IgG-AlexaFluor-488) were purchased from Jackson lab (CA, USA). Ponceau S
solution was purchased from Sigma-Aldrich (Oakville, CA). Temozolomide (Cat. No. T2577) was
purchased from Sigma-Aldrich (Oakville, CA).

Table 2.1. Primary antibodies are used in western blotting.

Primary Antibody Dilution Source Size (kDa)
LC3pI 1:2500 Sigma-Aldrich; 16
LC3pI 1:2500 Sigma-Aldrich; 18
p62/SQSTM1 1:1000 Cell Signalling; 62
BCL2L13 1:3000 Proteintech; 75
GAPDH 1:1000 Santa Cruz; 37

Table 3.2. Secondary antibodies are used in western blotting.

Secondary Antibody Dilution Source
Anti-Rabbit IgG 1:5000 Sigma-Aldrich
Anti-Mouse IgG 1:3000 Sigma-Aldrich

2.2 Cell culture

For all experiments, we used the U251-mKate human glioblastoma cell line. This cell line
was developed by Dr. Marcel Bally at Experimental Therapeutics, British Columbia Cancer
Agency, Vancouver, BC, Canada. Cancer cells were cultured in Dulbecco’s Modified Eagle’s

Medium-high glucose (4 mg/ml) (DMEM) (CORNING; Cat #: 50-003-PB) supplemented with
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10% FBS (Gibco, Cat #: 16000-044) and 1% penicillin and streptomycin. Cells were maintained
in a humidified incubator in standard cell culture conditions (95% air and 5% CO- at 37°C). Stable
BCL2L13 knockdown (KD) and negative control (scramble) were grown in the same medium plus

puromycin (4 pg/ml) to ensure the selection of stably transfected cells.

2.3 Preparation of TMZ-resistant cells

U251-mKate cells (developed by Dr. Marcel Bally, Experimental Therapeutics, British
Columbia Cancer Agency, Vancouver, BC, Canada) were cultured in T75 tissue culture flasks in
a complete media containing high glucose DMEM, 10% FBS (Gibco, Cat #: 16000-044), and 1%
Penicillin-Streptomycin (Gibco, Cat #:15140-122) and incubated at 37°C, 5% CO», in a humidified
incubator (Thermo Fischer Scientific, US). A pulsed-selection strategy was chosen to make a
clinically relevant chemoresistant model (286). Once cells reached 70% confluence, they were
treated with 100 uM TMZ (Sigma Aldrich, CAS #: 85622-93-1) over a three-week time period,
followed by four weeks of TMZ-free media for recovery. Cells were cultured in complete media
with 250 uM TMZ for three weeks, followed by another four weeks with TMZ-free media. The
final population of U251-mKate cells resistant to 250 uM TMZ was selected and cultured in a

complete media without TMZ for four weeks.

2.4 Immunoblotting

Immunoblotting (western blotting) was used to detect protein expression. GAPDH and
Ponceau S staining were used as loading controls. Briefly, cells were washed with phosphate
buffered saline (PBS), and protein extracts were prepared in lysis buffer containing 20 mM Tris-

HCI (pH 7.5), 0.5 mM phenylmehtylsulfonyl fluoride, 0.5% Nonidet P-40, 100 uM B-glycerol 3-
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phosphate and 0.5% protease and phosphatase inhibitor cocktail. Cell lysate was subject to
centrifugation at 10,000 g for 10 min at 4°C, and protein concentration was measured by Lowry
protein assay. Next, proteins were separated by size using SDS-PAGE under reducing conditions
and transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5% skim
milk in TBST (1X tris-buffered saline, 0.025% Tween 20RT) for 1 h at room temperature (RT).
Blots were incubated overnight at 4°C with primary antibody in 1% skim milk in TBST, followed
by incubation with HRP (horseradish peroxidase)-conjugated secondary antibody for 2 h at RT.
Blots were washed with TBST for a total of 30 min prior to protein detection. Blots were developed
by enhanced chemiluminescence detection (Amersham-Pharmacia Biotech) to visualize bands
using Bio-Rad imager (Mississauga, ON, Canada). Image Lab Software offered by Bio-Rad
imager was used to ensure linear exposure, and signals were visualized and quantified using the

densitometry software Alpha Ease FC.

2.5 Transmission electron microscopy

Autophagy was confirmed using transmission electron microscopy (TEM). Briefly, U251
GBM cells were cultured in 100 mm dishes in DMEM (10% FBS 1% P/S) in standard cell culture
incubator conditions. Cells were fixed in Karnovsky fixative for 1 h at 4°C, and the pellet was
resuspended in 5% sucrose in 0.1 M Sorenson’s phosphate buffer overnight at 4°C. Cells were
pelleted and post-fixed with 1% osmium tetroxide in 0.1 M Sorenson’s buffer for 2 h. Next, cells
were dehydrated and embedded in Embed 812 resin for sectioning. Thin sections (200 nm) were
cut and placed on copper grids for staining and counter-staining with uranyl acetate and lead

nitrate, respectively. Imaging was done using a Philips CM 10 electron microscope.
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2.6 Immunocytochemistry

Immunocytochemistry (ICC) was used to detect changes in autophagy in U251 GBM cells
and corresponding BCL2L13 KD transfectants. Cells were fixed with 3.7% formaldehyde and
incubated at RT for 30 min. Samples were washed three times using Dulbecco’s phosphate-
buffered saline (DPBS) and kept in DPBS for 5 min each time. Fixed samples were permeabilized
and blocked overnight at 4°C with a blocking buffer containing 5% IgG-free bovine serum albumin
(BSA) (Jackson ImmunoResearch Laboratories) and 0.3% Triton X-100 (Bio Basic) in DPBS. The
blocking buffer was replaced with an antibody solution containing 1% BSA, 0.3% Triton X-100,
and conjugated antibodies in DPBS and incubated at 4°C overnight in the dark. The dilution ratio
for the anti-LC3 rabbit polyclonal primary antibody was 1:2000 (Sigma, L7543). After removing
the primary antibody, a secondary donkey anti-rabbit IgG antibody at 1:2000 dilution (Jackson
ImmunoResearch Laboratories) was introduced and incubated at RT for 60 min in the dark. The
nuclei staining solution was removed, and the samples were washed with DPBS three times and
incubated for 5 min. The wells were partially filled with DPBS, and the samples were kept at 4°C
in the dark until imaging was performed. Zeiss Axiovert 200 inverted microscope fitted with a
Calibri 7 LED Light Source and Axiocam 702 mono camera. Quantification, scale bars,
background subtract, and processing were done using Fiji (ImagelJ) and Zen 2.3 Pro software. All
experiments were repeated 3 times independently. A minimum of 10 pictures were taken per
condition.
2.7 MTT viability assay

Cell viability of U251 GBM cells (TMZ-NR, TMZ-R, BCL2L13 KD, and BCL2L13-
wildtype (WT) was measured using MTT assay. Cells were grown to 50% confluence in high

glucose DMEM with 10% FBS and 1% P/S. Cells were seeded (TMZ-NR: 50,000 cells/mL and
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TMZ-R: 75,000 cells/mL) in 96-well U-bottom plates and treated with varying concentrations of
BafAl (1, 5, or 10 nM). Cell viability was assessed after 72 h. First, 20 uL of 5 mg/mL MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) was added to each well and
incubated at 37°C and 5% CO- for 3 h. This assay is based on the reduction of MTT to its insoluble
formazan, which is purple and absorbs electromagnetic radiation at 570nm. The reduction is
facilitated by NAD(P)H-dependent cellular oxidoreductase enzymes active only in living cells
with metabolic activity. Next, media was gently aspirated and 200 uL of dimethyl sulfoxide
(DMSO) was mixed to each well. The plate was then incubated in the dark at RT for 25 min, and
the absorbance was read at 570 nm using a Synergy H1 Microplate Reader. Relative cell viability
(percent of control) was calculated using the equation: (mean OD (570 nm) of treated cells/mean
OD (570 nm) of control cells) x 100. The treated cells were compared with control cells treated

with DMSO vehicle only.

2.8 PrestoBlue viability assay

According to the manufacturer's protocol, a viability assay was performed using PrestoBlue
(Invitrogen, A13262). Briefly, 100 pl of 5 x 103 cell/mlof U251-mKate cell TMZ-R and NR U251-
mKate cells (U251) were cultured in 96-well plates (5 repeats for each group) and treated with
TMZ-free or TMZ 250 uM-containing complete high glucose DMEM media for one day. Then,
the media was removed, and cells were treated with 0-5000 uM of TMZ for 72 h. A working
solution of PrestoBlue was prepared with a 1:10 dilution of stock solution. After three days of
treatment, the media was replaced with 200 pL of working solution, and the plates were incubated

in the CO, incubator for 30 min. Once incubated, 150 uL of each sample was transferred to a 96-
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well plate. The fluorescent intensity was read using an Infinite M Nano plate reader (Tecan) via

the i-control software (Tecan, Version 3.9.1.0) at two wavelengths: 560 nm and 590 nm.

2.9 Production of stable BCL2L13 knock down (KD) cell line

Lentiviral transfection was used to silence BCL2L13 protein expression. U251 TMZ-R and
NR GBM cells were seeded in a 12-well plate and cultured in DMEM (10% FBS and 1% P/S). At
40% confluency, cells were treated with 10 pg/mL polybrene (Santa Cruz Biotechnology, US) in
pure DMEM medium (without FBS) and incubated for 1 h. Next, cells were introduced to viruses
packed with shRNA — short hairpin RNA sequences complementary to the RNA encoding
BCL2L 13 protein in the host cell — which suppresses the translation of BCL2L13 RNA to protein.
A lentivirus is a subclass of retroviruses that can integrate its genome into the host cell.
Lentiviruses use enzymes reverse transcriptase (converts viral RNA into double-stranded DNA)
and integrase (inserts viral DNA into host cell DNA). Further, these vectors encode antibiotic
resistance genes to enable the selection of successfully transfected host cells, in this case through
puromycin resistance. After the release of viral genetic material into the nucleus, the RNA of
interest is transcribed using the cell’s machineries. However, introducing exogenous RNA results
in a cell response. To ensure that the effect of sShRNA transfection is due to its specificity in
knocking down protein expression, a negative control is needed where cells are exposed to
transfection reagents and protocol but with lentiviral particles packed with scramble RNA
(scRNA). scRNA has the same nucleotide composition but a different sequence than shRNA, so
it does not target any mRNA. Cells were transfected at 30 multiplicity of infections overnight (12
h), then replenishing the medium for recovery for 48 h. The process from adding polybrene to

transfecting and recovering cells was repeated once to ensure successful transfection. After
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recovery, cells that incorporated shRNA and scRNA plasmids were selected using 4pg/ml
puromycin dihydrochloride (Santa Cruz Biotechnology, US). BCL2L13 status was checked by

western blot in isolated stable clones in both shRNA and transfected scramble cells.

2.10 Flow cytometry/Cell cycle analysis

The Nicoletti method measured cellular apoptosis (287). Briefly, U251 GBM cells (TMZ-
NR, TMZ-R, BCL2L13-WT, BCL2L13-KD were seeded in a 12-well plate (50,000 cells/well for
TMZ-NR cells and 75,000 cells/well for TMZ-R cells). Cells were grown to 60% confluence and
treated with 250 uM TMZ for 48 h or 96 h. After the time point was reached, cells were detached
with EDTA buffer and harvested by centrifugation at 800 g for 8 min at 4°C). Cells were washed
once in PBS buffer before resuspending in a hypotonic PI lysis buffer (0.01% Triton x-100 and
1% sodium citrate, 40 pg/ml propidium iodide) and incubated at RT for 30 min in a dark
environment and analyzed by flow cytometry. The stained cell samples were run on Beckman
Coulter Cytoflex LX (Indianapolis, IN, USA). 50 mW 488 nm blue laser and 610/20 BandPass
filter were used for proper excitation and emission of the propidium iodide. Single cell population
was gated, and cell cycle analysis was performed to measure the percentage of cells at Sub-GO,

G0-Gl1, S, and G2-M phases.

2.11 Measurement of mitochondrial respiration: Sea horse assay

Mitochondrial respiration was measured using the Agilent Seahorse XFe24 analyzer by
recording the oxygen consumption rate (OCR). Cells were seeded in their growth medium in XF
cell culture 24-well microplates at approximately 0.3 x 10° cells/well (U2521 TMZ-NR, TMZ-R,

BCL2L13-KD, and scramble). On the day of the experiment, cells were washed twice with and
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changed to XF base minimal DMEM containing glucose, L-glutamine, and sodium pyruvate
(Agilent Technologies, Mississauga, ON). Cells were incubated at 37°C for 1 h prior to starting
the assay. The seahorse analyzer measured the baseline OCR first, followed by protein leak using
1 uM of oligomycin. Maximal respiration was determined by injection of FCCP (2 uM) and non-
mitochondrial respiration by adding 1 uM rotenone and 1 uM antimycin A. OCR was normalized
by live cell count signal obtained by staining individual wells with Hoechst33342 (Invitrogen; Cat
#:R37605) using Cytation 5 (Biotek). Maximal respiration was calculated by subtracting non-
mitochondrial OCR from FCCP OCR. Spare capacity was determined by subtracting baseline
OCR from FCCP OCR. Further, ATP production was calculated by subtracting Oligomycin OCR
from baseline OCR. Finally, proton leak was measured by subtracting non-mitochondrial OCR
from Oligomycin OCR. Data are presented as pmol of oxygen/minute/cell count.
2.12 Phase contrast
Bright-field images were taken using an Axio Observer ZEISS microscope (ZEISS,

Oberkochen, Germany) using 20x and 50x magnification objectives. Quantification, scale bars,
background subtraction, and processing were done on Fiji (ImagelJ) and Zen 2.3 Pro software.
2.13 Liquid chromatography-mass spectrometry (LC-MS/MS) for lipidomics analysis of
ceramide species

Lipid extraction used chloroform: methanol (C:M), 2:1 (v/v). Briefly, U251 GBM (NR, R,
BCL2L13-KD, BCL2L13-WT) were grown to 100% confluency and collected using PBS 1X.
After sonication and centrifugation (1000 g for 10 min), the supernatant was collected for each
cell line. Then, a mixture of 100 pl of cell homogenate and 30 pl of the internal standard mixture
was made. Samples were vortexed and centrifuged (3500 rpm at RT for 5 min). The lower phase

was transferred to a different tube and dried under a stream of N; gas at RT. Lipids were then
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reconstituted in 50 pl water-saturated butanol and sonicated for 10 min. In the last step, 50 pl of
methanol with 10 mM ammonium formate was added, and samples were centrifuged (10000 g at
RT for 10 min). Lipid internal standards were either odd-chain or deuterated and were not present
endogenously. Samples were transferred into the micro insert in sample vials for lipid analysis.
Lipids were separated on a LC-MS/MS platform using a chromatographic system. Instrument
control and data processing were done with Analyst v1.6 and MultiQuant v2.1 software (AB Sciex,
MA, USA). The separation was achieved on a Zorbax C18, 1.8 um, 50 x 2.1 mm column (Agilent
Technologies, Mississauga, ON). The flow rate was set to 300 pl/min using a linear gradient of
mobile phase A and mobile phase B. Mobile phase A and B consisted of tetrahydrofuran, methanol,
and water in a ratio of 20:20:60 (v/v/v) and 75:20:5 (v/v/v), respectively. Both A and B contained
10 mM ammonium formate. The elution program was as follows: start with 0% solvent B; increase
to 100% B at 8.00 min; maintained at 100% B for 2.5 min; and back to 0% B for 0.5 min. The
column was finally re-equilibrated to the starting conditions (0% mobile phase B) for 3 min before
the next sample injection. Diacylglycerol (DG) and triacylglycerol (TG) species were separated in
an isocratic fashion (100 pul/min) by employing 85% mobile phase B over 8 min. The analytical
column and autosampler were maintained during the analysis at 50°C and 25°C, respectively. The
injection volume was 5 pl.

Mass Spectral Analysis: Lipids eluted from the HPLC system were introduced into the
AbSciex 4000 QTRAP triple quadrupole linear hybrid mass spectrometer. The mass spectrometer
was operated in scheduled Multiple Reaction Monitoring (MRM) mode. 322 unique lipids
spanning 25 lipid classes/subclasses were screened for targeted semi-quantitation. All lipid species
other than fatty acids were scanned in positive electrospray ionization mode [ESI+]. The

individual lipids in each lipid class were identified by lipid class-specific precursor ions or neutral
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losses. Lipids were then quantified by comparing the deisotoped lipid peak areas against those of
the class-specific internal standards added before lipid extraction. The total carbon number of the
fatty acids represented lipids. In ESI+ mode, the instrument settings were optimized as follows:
curtain gas (psi), 26; collision gas (nitrogen), medium; ion spray voltage (V), 5500; temperature
(°C), 500.0; ion source gas 1 (psi), 40.0; ion and source gas 2 (psi), 30.0. The MRM detection
window was fixed between 45 s and 90 s depending upon the chromatographic peak width of the
lipid class. Isobaric species within the same class, such as PC(O) and PC(P), exhibited clear
separation in this method. Also, molecular species within the same lipid class, which differ only
in the number of double bonds, were well separated chromatographically. All analyses were
performed with R software (version 4.1.1). Limma, pheatmap, and ggplot2 packages were used.
2.14 Statistics

Data was repeated in at least three replicates and in three separate experiments independently
for all experiments. Error bars depict + standard deviation from the average values. Experiments
with 4 or more conditions were analyzed using a one-way or two-way ANOVA with Tukey’s test
for multiple comparisons. Significance analysis was performed using a two-tailed t-test or one-
way or two-way ANOVA using GraphPad Prism, where p-value = 0.05 and less was considered
statistically significant.

Lipidomics: Lipid classification and annotation was done using LIPIDMAPS database based
on molecular mass, isotope distribution, and collision-induced dissociation LC/MS data. Result
and lipidomic data were analyzed using MetaboAnalyst 5.0, web version. Hierarchical clustering
was visualized through heatmaps to display lipid abundance in different samples. Unsupervised
principal component analysis was performed to visualize general lipid profile and grouping trends

of all samples. Supervised partial least squares discriminant analysis was used to identify
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differential lipids between primary and lymph node metastasis group, based on the values of
variable importance in projection (VIP > 1.2) and false discovery rate (FDR < 0.05). These
significant lipids were selected to predict protein interacting partners with each lipid, using Swiss
Target Prediction. Gene Ontology (GO), Molecular function (MF), Kyoto Encyclopedia of Genes
and Genomes analysis (KEGG), and protein-protein interactions were used for functional
annotation of key prediction proteins using String and GProfiler web tools. Significance analysis
was performed using a two-tailed t-test or one-way or two-way ANOVA using GraphPad Prism

where p- value=0.05 and less was considered statistically significant.

CHAPTER 3: Results

3.1 Temozolomide induces more cell death in U251 temozolomide non-resistant GBM cells.

A 2D in vitro model of U251 TMZ-R GBM cells was developed over an 18-week period
using a pulsed-selection strategy to establish a clinically relevant chemoresistant model. A pulsed-
selection method is a strategy often used in vitro in which cells are given drug-free recovery
periods, which are intended to mimic the cycles of chemotherapy that patients encounter during
treatment (286). Clinically relevant cell lines are imperative to ensure that research findings are
practically informative. The Presto Blue cell viability assay was used to demonstrate that TMZ-R
GBM cells maintained greater viability than TMZ-NR cells following TMZ treatment, with
approximately 50% viability maintained at 500 uM TMZ (P < 0.0001) (Figure 3.1A). For
subsequent experiments, we kept the resistant cells in 250 uM TMZ and removed the TMZ 24 h
before treatment conditions were applied. TMZ-NR GBM cells showed significant cell death at

this concentration, whereas the population of U251 TMZ-R GBM cells is sustained (P < 0.0001).
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Phase contrast microscopy showed differences in confluence, where the U251 TMZ-NR
GBM cell population is dramatically reduced following 48 h of treatment with 100 uM TMZ
compared to U251 TMZ-R GBM cells (Figure 3.1B). Further, phase contrast imaging revealed
differences in morphology. U251 GBM cells are dendritic-like in nature with cytoplasmic
prolongations known as filopodia. We observed that TMZ-NR cells were smaller, rounder in
shape, had shorter filopodia, and grew closer to other cells. In contrast, TMZ-R cells had elongated,
more distinct filopodia and were thinner and longer than TMZ-NR GBM cells.

Next, flow cytometry was used to investigate TMZ-induced apoptosis and the percentage
of cells in different cell cycle phases after 48 h of treatment with 100 uM TMZ. The percentage of
TMZ-NR cells in the sub-GO phase (apoptotic cells) was significantly increased following TMZ
treatment (P < 0.0001), whereas TMZ treatment had no significant effect in TMZ-R cells (Figure
3.1C). The percentage of cells in the GO-G1 phase significantly decreased in TMZ-NR cells
following TMZ treatment (P < 0.0001), while TMZ-R cells showed no significant change (Figure
3.1D). Similarly, the percentage of TMZ-NR cells in the G2/M phase markedly increased (P <
0.0001) after treatment, while no significant change was observed in TMZ-R cells (Figure 3.1E).
Lastly, both TMZ-NR and TMZ-R GBM cells showed no significant change (P > 0.05) in the

proportion of cells in the S phase following 48 h of TMZ treatment (Figure 3.1F).
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Figure 3.1. Temozolomide induces more cell death in TMZ-NR GBM cells. (A) U251 TMZ-
R and NR GBM cells were treated with 10-5000 pM TMZ or control medium for 72h, and cell
viability was assessed using the PrestoBlue assay. (B) Phase-contrast microscopic images of
U251 TMZ-R and NR GBM cells treated with TMZ (100 uM) or the corresponding control
media for 48h. Scale bars = 50um. (C-F) U251 TMZ-NR and R GBM cells were treated with
TMZ (100 uM) or corresponding control media for 48 h. Samples were collected and processed
for propidium iodide flow cytometry to assess apoptosis and cell cycle distribution (G0/G1,
G2/M, and S phases). Data represent three independent biological experiments and are presented
as mean + SD. Statistical significance is indicated in the figure (ns =P > 0.05, * =P <0.05, ** =

P <0.01, *** =P <0.001, **** =P < 0.0001).

3.2. Autophagy flux is impaired in TMZ-R GBM cells.

Immunoblotting was used to investigate the level of LC3B-II and p62 expression, thereby
providing an overview of autophagic activity in U251 TMZ-R and NR GBM cells. As previously
mentioned, LC3B-II and p62 are common protein markers of autophagy activity due to their
critical roles in autophagosomal processing. LC3B-II and p62 decreased over 72 hrs in TMZ-NR
GBM cells; while their levels remained elevated in TMZ-R cells, consistent with impaired
autophagic processing (Figure 3.2A, B) (P <0.01).

In the next set of experiments, we used BafA 1, which inhibits vacuolar H(+)-ATPase and
blocks autophagic flux. An MTT cell viability assay was used to evaluate the cytotoxic effects of
different concentrations of BafAl (1, 5, and 10 nM) on U251 TMZ-R and NR GBM cells. The
results showed that 10 nM BafAl significantly decreased TMZ-NR GBM cells viability (P <

0.001), while no concentration of BafA1 induced significant cytotoxicity in TMZ-R GBM cells
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(Figure 3.2C). Based on these toxicity studies, using immunoblotting, 5 nM BafA1 was selected
as the dose used to compare autophagy flux between U251 TMZ-R and NR GBM cells. Treatment
with 5 nM BafAl for 72 h resulted in increased levels of both LC3B-II and p62 (P <0.01) in TMZ-
NR GBM cells (Figure 3.2D, E). In contrast, in TMZ-R cells, the same treatment had no
significant effect on LC3B-II or p62 levels, consistent with impaired late-stage autophagic
processing (Figure 3.2D, E).

Next, ICC imaging was used to visualize LC3B-positive puncta in TMZ-R cells compared
with TMZ-NR cells. Both types of cells were grown for 72 h and processed for imaging. Samples
were prepared stained cells using an LC3B antibody, allowing visualization of LC3B-positive
puncta. More LC3B-positive puncta were observed in TMZ-R GBM cells, consistent with
increased accumulation of autophagic structures (Figure 3.2F).

We also investigated the ultrastructure of TMZ-NR and R GBM cells using TEM to further
evaluate autophagy. U251 TMZ-NR and R GBM cells were grown for 72 h, and samples were
prepared for imaging. Autophagy was evaluated by quantifying cytosolic double-membrane
autophagic vacuoles. The number of double-membrane autophagic vacuoles was significantly
higher in TMZ-R GBM cells compared with TMZ-NR cells. (Figure 3.2G, H). This finding
further supports the accumulation of autophagic structures and impaired late-stage autophagic

processing in TMZ-R GBM cells.
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Figure 3.2. Autophagy flux is impaired in TMZ-R GBM cells. (A, B) U251 TMZ-NR and R
GBM cells were grown for 72 h, with cell lysates prepared every 24 h. LC3B-II and p62 levels
were evaluated by immunoblotting at 24, 48, and 72 h. Ponceau S was utilized as a loading control.
(C) The cytotoxic effects of BafAl (1, 5 and 10 nM) on U251 TMZ-NR and R GBM cells were
determined via MTT assay over a 72 h period. (D, E) U251 TMZ-NR and R GBM cells were
grown for 72 h in the presence or absence of BafA1 (5 nM). LC3B-II and p62 levels were evaluated
by immunoblotting. GAPDH was utilized as a loading control. (F) U251 TMZ-NR and R GBM
cells were grown for 72 h and processed for immunocytochemistry. LC3B-positive puncta were
visualized using LC3B immunostaining. Scale bar = 20 um. (G, H) U251 TMZ-NR and R GBM
cells were grown for 72 h and prepared for TEM. Autophagy was evaluated by quantifying
cytosolic double-membrane autophagic vacuoles in 10 cells per condition. Data represent three
independent biological experiments and are presented as mean + SD. Statistical significance is
indicated in the figure (ns = P > 0.05, * = P < 0.05, ** =P < 0.01, *** = P <0.001, **** =P <

0.0001).

3.3 BCL2L13 has higher expression in U251 TMZ-R compared to TMZ-NR GBM cells.
Immunoblotting was used to evaluate BCL2L13 expression in U251 TMZ-R and NR GBM
cells. Cells were grown and collected every 24 h over 72 h to evaluate changes in BCL2L13
expression changes over time. These results showed that BCL2L13 expression was significantly
higher in U251 TMZ-R GBM cells compared with TMZ-NR GBM cells at the 48 and 72 h time
points (P <0.01) (Figure 3.3A, B). Given the previously described roles of BCL2L.13 in apoptosis,

mitochondrial quality control, and autophagy-related processes, these findings prompted further
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investigation of whether BCL2L13 may be associated with autophagy and cell-death responses in

TMZ-R GBM cells (156).
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Figure 3.3 BCL2L13 has higher expression in TMZ-R compared to TMZ-NR GBM cells.
(A, B) U251 TMZ-NR and R GBM cells were grown for 72 h. Cell lysates were prepared at 24,
48, and 72 h, and BCL2L 13 expression was evaluated by immunoblotting. GAPDH was utilized
as a loading control. Data represent three independent biological experiments and are presented
as mean + SD. Statistical significance is indicated in the figure (ns =P > 0.05, * =P <0.05, ** =

P <0.01, *** =P <0.001, **** =P < 0.0001).

3.4 BCL2L13 does not change TMZ-induced apoptosis in U251 TMZ-R GBM cells.

To investigate the impact of BCL2L13 expression in U251 TMZ-R and NR GBM cells on
autophagy, apoptosis, and their response to TMZ, we first sought to knock down its expression by
transfecting cells with a lentivirus encoding BCL2L13-targeted shRNA. In this setting, lentiviral
transduction enables stable, long-term RNA silencing in host cells. The immunoblot results
showed successful knockdown of the BCL2L13 protein (Figure 3.4A). Next, we used TEM to
investigate if there were changes in the number of autophagic vacuoles in U251 TMZ-R and NR

GBM cells (BCL2L13 KD and scramble). The results showed that BCL2L13 KD did not
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significantly change the number of cytosolic double membrane vacuoles in U251 TMZ-NR and R
GBM cells (P > 0.05) (Figure 3.4B, C).

Next, we evaluated the impact of BCL2L13 expression on autophagy-marker dynamics
and U251 TMZ-NR and R GBM cells using BafAl (5 nM, 72 hrs). The results showed that
knocking down BCL2L13 significantly increased LC3B-II in U251 TMZ-NR GBM cells while
significantly decreasing levels in U251 TMZ-R GBM cells without BafA1l treatment. In contrast,
BCL2L13 KD did not induce a significant change in p62 levels in TMZ-NR cells while
significantly decreasing p62 levels in TMZ-R cells in the absence of Baf-Al treatment. Treatment
with BafAl significantly increased LC3B-II and decreased p62 degradation in TMZ-NR GBM
cells, and BCL2L 13 expression did not change this effect. On the other hand, BafA1 treatment did
not have a significant effect on LC3B-II and p62 levels in TMZ-R cells, while BCL2L13
expression did not change this effect (Figure 3.4D, E). We then used flow cytometry to investigate
the role of BCL2L13 expression in the response of U251-TMZ-R and NR GBM cells to TMZ-
induced apoptosis and the percentage of cells in different phases of the cell cycle after treating
cells with 100 uM TMZ for 48 and 96 hrs. The results showed that BCL2L13 expression did not
significantly change TMZ-induced apoptosis in both NR and R GBM cells after 48 and 96 hrs (P
> 0.05). The results indicated that knocking down BCL2L13 in U251 TMZ-NR cells for 48 hrs
significantly reduced the percentage of cells in the G2-M phase of the cell cycle. Additionally, in
U251 TMZ-R (both scramble and BCL2L13 KD) GBM cells, the number of cells in the GO-G1

phase decreased after 96 hrs (Figures 3.4F, G).
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Figure 4. BCL2L13 does not change TMZ-induced apoptosis in TMZ-R GBM cells. (A) U251
TMZ-NR and TMZ-R were infected with scramble and BCL2L13 lentivirus (10 multiplicity of
infections ). Cells were grown, and lysates were collected for further processing. Immunoblot of
U251 TMZ-NR and TMZ-R (scramble and BCL2L13 KD) GBM cells demonstrates successful
knockdown of BCL2L13. (B, C) Representative TEM images of U251 TMZ-NR and TMZ-R
scramble and BCL2L13 KD cells after 72 h , with quantification of double-membrane autophagic
vacuoles from 10 cells per condition. (D, E) Representative immunoblots and densitometric
analysis of LC3B-II and p62 in TMZ-NR and TMZ-R scramble and BCL2L13-KD cells cultured
for 72 h in the presence or absence of BafAl (5 nM). GAPDH was used as a loading control. (F,
G) U251 TMZ-NR and TMZ-R scramble and BCL2L13 KD cells were treated with TMZ (100
uM) or corresponding control medium for 48 h (F) or 96 h (G). Apoptosis and cell-cycle
distribution (G0/G1, G2/M, and S phases) were assessed by propidium iodide flow cytometry.
Data represent three independent biological experiments and are presented as mean + SD.
Statistical significance is indicated in the figure (ns =P > 0.05, * =P <0.05, ** =P <0.01, *** =

P <0.001, **** =P < 0.0001).

3.5 BCL2L13 knockdown differentially alters mitochondrial bioenergetics in TMZ-NR and

TMZ-R GBM cells.
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Previous studies have shown that BCL2 family proteins are involved in various aspects of
mitochondrial function (153, 288, 289). Figure 3.5 illustrates the impact of BCL2L.13 KD on
mitochondrial respiration in TMZ-NR and TMZ-R GBM cells, providing insight into how this
protein is associated with energy metabolism in these cellular contexts. In Panel A, oxygen
consumption rate (OCR) profiles over time show that NR control cells maintain the highest
mitochondrial activity throughout, while TMZ-R cells show lower respiratory responses following
FCCP addition, with minimal additional effect of BCL2L.13 KD (Figure 3.5A).

Panel B highlights a clear baseline metabolic difference between NR and R cells: R control
cells have significantly lower basal respiration compared to NR controls (p < 0.05), consistent with
altered mitochondrial respiration associated with TMZ resistance. Importantly, BCL2L.13 KD does
not further impact basal respiration in TMZ-R cells (Figure 3.5B). In Panel C, maximal respiratory
capacity after FCCP addition is high in TMZ-NR control cells but is significantly reduced in both
TMZ-R control and TMZ-R BCL2L13 KD cells (p < 0.0001). BCL2L13 KD in TMZ-NR cells
causes a non-significant reduction in maximal respiration, whereas resistant cells, with or without
BCL2L13 knockdown, show similarly reduced capacity. Therefore, resistance is associated with
a marked loss of maximal mitochondrial capacity. Although BCL2L13 KD produces a modest
reduction in TMZ-NR cells, this difference was not statistically significant. No statistically
significant difference is observed between TMZ-R control and TMZ-R KD cells, suggesting that
in resistant cells, respiratory capacity is already compromised, and BCL2L13 KD has minimal
additional effect (Figure 3.5C).

Panel D reflects similar trends in spare respiratory capacity: TMZ-NR control cells exhibit

significantly greater capacity than all other groups (p <0.0001), including TMZ-NR KD, TMZ-R

67



control, and TMZ-R KD. Thus, BCL2L13 KD significantly reduces spare respiratory capacity in
TMZ-NR cells, while producing minimal additional impairment in TMZ-R cells (Figure 3.5D).

Panel E shows that ATP-linked respiration is highest in TMZ-NR control cells, with a
significant reduction in TMZ-R control and TMZ-R KD cells (P < 0.001). Moreover, TMZ-NR
KD also shows a non-significant decline compared to TMZ-NR control, though it remains
significantly higher than TMZ-R KD (p <0.05). These findings indicate that BCL2L13 KD
produces a modest, non-significant reduction in ATP-linked respiration in TMZ-NR cells, while
having minimal additional effect in the TMZ-R background (Figure 3.5E). In Panel F, proton leak
is significantly elevated in TMZ-R cells compared with TMZ-NR controls and is further increased
following BCL2L13 KD in TMZ-NR cells (P < 0.0001), consistent with altered mitochondrial
coupling (Figure 3.5F). Lastly, Panel G reveals that non-mitochondrial oxygen consumption is
significantly higher in TMZ-NR KD compared with TMZ-R KD (P < 0.05), while no significant
difference is observed between TMZ-NR control and TMZ-NR KD cells (Figure 3.5G).

Overall, TMZ resistance is associated with reduced basal and maximal respiration,
diminished spare respiratory capacity, reduced ATP-linked respiration, and increased proton leak.
BCL2L13 KD has a greater effect on mitochondrial bioenergetics in TMZ-NR cells, significantly
reducing spare respiratory capacity and increasing proton leak, while maximal and ATP-linked
respiration show more modest, non-significant reductions. In TMZ-R, where mitochondrial
respiratory capacity is already compromised, BCL2L13 KD produces minimal additional
impairment. Together, these findings support a context-dependent association between BCL2L.13
and mitochondrial bioenergetics rather than establishing BCL2L13 as a direct determinant of

mitochondrial function.
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Figure 3.5. Effect of BCL2L13 knockdown on mitochondrial respiration in TMZ-NR and
TMZ-R GBM cells. (A) OCR traces from the Seahorse mitochondrial stress test. Following
sequential addition of oligomycin, FCCP, and rotenone/antimycin A. (B-G) Quantification of (B)
basal respiration, (C) maximal respiration, (D) spare respiratory capacity, (E) ATP-linked
respiration, (F) proton leak, and (G) non-mitochondrial respiration in TMZ-NR and TMZ-R
control and BCL2L13-KD cells. Data are presented as mean + SD from at least three replicates in
three independent experiments. Experiments with four or more conditions were analyzed using
one-way or two-way ANOVA with Tukey’s post hoc test for multiple comparisons. Statistical
significance is indicated in the figure (ns =P > 0.05, * =P < 0.05, ** =P <0.01, *** = P <0.001,

*%k%k = P < 0.0001).

3.6 TMZ resistance is associated with distinct lipidomic remodeling further modified by
BCL2L13 knockdown

Targeted lipidomic analysis revealed distinct ceramide and complex sphingolipid profiles
across TMZ-NR and TMZ-R cells with and without BCL2L13 knockdown. The heatmap (Figure
3.6A) demonstrated differences in ceramide and glycosylated ceramide subclasses across the four
experimental groups. Both TMZ-NR and TMZ-R WT cells generally displayed higher
dihydroceramides (dhCer) and monohexosylceramides (MHC) than their respective KD
counterparts. In TMZ-R KD cells, several dihexosylceramide (DHC) and trihexosylceramide
(THC) species, including 18:0, 20:0, and 22:0 species, were enriched, demonstrating subclass- and
chain-length-specific remodeling associated with BCL2L13 KD. Principal component analysis
(PCA; Figure 3.6B) demonstrated clear separation between TMZ-NR and TMZ-R samples. PC1
accounted for 65.7% of the total variance and represented the dominant separation between TMZ-

Nr and TMZ-R cells, while PC2 accounted for an additional 17.9% of the variance. Together, PC1
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and PC2 explained 83.6% of the total variance in the lipidomic dataset. TMZ-NR WT and KD
samples showed substantial overlap, whereas TMZ-R WT and KD samples showed comparatively
greater separation along PC2. These findings indicate that TMZ resistance represented the
dominant source of global lipidomic variation, while BCL2L13 KD was associated with
comparatively subtler, context-dependent differences.

The ceramide profile (Figure 3.6C) demonstrated chain-length-specific differences across
experimental groups. Cer 16:0, a ceramide species associated with CerS6 activity, was highest in
TMZ-R KD cells and was significantly elevated relative to TMZ-NR WT cells (p < 0.0001). Cer
22:0, associated with CerS2 activity, was significantly elevated in TMW-R WT relative to TMZ-
NR WT cells (p < 0.01) and decreased following BCL2L13 KD in TMZ-R cells. Cer 18:0 was
also significantly elevated in TMZ-R WT relative to TMz-NR WT cells (p < 0.001) and decreased
following BCL2L13 KD. Cer 20:0 showed a similar abundance pattern. Cer 24:0 was highest in
TMZ-R WT and decreased following KD, while Cer 24:1 was also highest in TMZ-R WT and
lowest in TMZ-R KD cells. Together, these profiles demonstrate chain-length-specific ceramide
remodeling associated with TMZ resistance and BCL2L13 KD.

In the dhCer panel (Figure 3.6D), dhCer 16:0 was significantly elevated in TMZ-R WT
and TMZ-R KD relative to TMZ-NR WT cells (both p < 0.0001) and significantly decreased
following BCL2L13 knockdown in TMZ-R cells (p < 0.0001). dhCer 18:0, 20:0, and 22:0 were
generally enriched in TMZ-R cells, particularly TMZ-R WT, with dhCer 22:0 significantly
elevated in TMZ-R KD relative to TMZ-NR WT cells (p < 0.05). dhCer 24:0 and 24:1 were
consistently higher in TMZ-R than TMZ-NR cells, demonstrating a resistance-associated

enrichment of very-long-chain dhCer species.
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MHC species (Figure 3.6E) largely mirrored these patterns. MHC 16:0 was highest in
TMZ-R WT cells, while MHC 24:0 was significantly elevated in TMZ-R WT relative to TMZ-NR
WT cells (p <0.01) and decreased following BCL2L 13 knockdown. MHC 24:1 was significantly
elevated in TMZ-R WT relative to TMZ-NR WT cells (p < 0.0001) and decreased significantly
following BCL2L 13 knockdown in TMZ-R cells (p < 0.05). MHC 24:1 also differed significantly
between TMZ-NR WT and TMZ-R KD cells (p < 0.05).

DHC profiles (Figure 3.6F) demonstrated substantial resistance-associated enrichment.
DHC 16:0 was significantly elevated in both TMZ-R WT and TMZ-R KD relative to TMZ-NR
WT cells (both p < 0.0001). DHC 22:0 was significantly elevated in TMZ-R WT (p < 0.05) and
TMZ-R KD (p <0.01) relative to TMZ-NR WT cells. Very-long-chain DHC 24:0 and DHC 24:1
were also significantly elevated in both TMZ-R WT and TMZ-R KD relative to TMZ-NR WT
cells (all p<0.0001). Together, these findings demonstrate prominent enrichment of multiple DHC
species in the TMZ-resistant background regardless of BCL2L 13 expression.

THC profiles (Figure 3.6G) demonstrated additional context-dependent remodeling. THC
16:0 was significantly lower in TMZ-R WT relative to TMZ-NR WT cells (p < 0.0001), while
BCL2L13 knockdown significantly increased THC 16:0 in TMZ-R cells (p <0.001). TMZ-R KD
remained significantly lower than TMZ-NR WT (p <0.05). THC 18:0, 20:0, and 22:0 were highest
in TMZ-R KD cells, while THC 24:0 and 24:1 displayed more variable patterns across
experimental groups. THC 24:1 was significantly lower in TMZ-R WT relative to TMZ-NR WT
cells (p < 0.01). Overall, Figures 3.6C—G demonstrate chain-length-, subclass-, and resistance-
dependent differences in ceramide and complex sphingolipid profiles associated with BCL2L.13

knockdown.
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Partial Least Squares Discriminant Analysis (PLS-DA) was performed to identify
sphingolipid species contributing to discrimination between WT and BCL2L13 KD samples.
Variable Importance in Projection (VIP) scores > 1.2 were considered important contributors to
group discrimination. In TMZ-NR cells (Figure 3.6H), prominent discriminating species included
Cer 20:0, DHC 20:0, DHC 24:1, DHC 24:0, dhCer 22:0, and DHC 16:0. In TMZ-R cells (Figure
3.6I), Cer 22:0 and THC 18:0 were identified as prominent discriminating species. These findings
identify lipid species contributing to WT/KD discrimination within each resistance condition
without independently establishing the direction or statistical significance of abundance changes.

Under BCL2L13 knockdown conditions in TMZ-NR cells, KEGG pathway enrichment
analysis identified several significantly enriched pathways (Figure 3.6J). The top five pathways
based on false discovery rate (FDR) were steroid hormone biosynthesis, arachidonic acid
metabolism, linoleic acid metabolism, alpha-linolenic acid metabolism, and neuroactive ligand—
receptor interaction, all with an FDR of 2.55e-07. These results demonstrate pathway-level
differences associated with BCL2L13 KD in TMZ-NR cells. In TMZ-R cells with BCL2L13 KD,
KEGG pathway enrichment analysis (Figure 3.6K) identified two significantly enriched

pathways. Neuroactive ligand—receptor interaction was the most strongly enriched pathway

(enrichment strength = 1.34, FDR = 3.92e-13), followed by the calcium signaling pathway

(enrichment strength = 1.21, FDR = 3.3e-04). Together, these findings demonstrate distinct

pathway-level changes associated with BCL2L13 KD in TMZ-R cells.
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Figure 6. Targeted lipidomic profiling of ceramide and complex sphingolipid remodeling in

TMZ-NR and TMZ-R GBM cells following BCL2L.13 knockdown. (A) Heatmap of ceramide

and complex sphingolipid subclasses across TMZ-NR WT, TMZ-NR KD, TMZ-R WT, and TMZ-

R KD cells. TMZ-NR and TMZ-R WT cells generally exhibited higher dihydroceramides (dhCer)

and monohexosylceramides (MHC) than their respective KD counterparts, while several

dihexosylceramide (DHC) and trihexosylceramide (THC) species were enriched in TMZ-R KD
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cells. (B) Principal component analysis (PCA) demonstrated predominant separation between
TMZ-NR and TMZ-R conditions along PC1 (65.7% variance), while PC2 accounted for 17.9% of
the variance; together, PC1 and PC2 accounted for 83.6% of the total variance. TMZ-NR WT and
KD samples showed substantial overlap, while comparatively greater separation between TMZ-R
WT and KD samples was observed along PC2. (C) Ceramide profiles demonstrated chain-length-
specific differences. Cer 16:0 was highest in TMZ-R KD cells and significantly elevated relative
to TMZ-NR WT cells (p < 0.001). Cer 22:0 was significantly elevated in TMZ-R WT relative to
TMZ-NR WT cells (p < 0.01) and decreased following BCL2L13 knockdown in TMZ-R cells.
Cer 18:0 was also significantly elevated in TMZ-R WT relative to TMZ-NR WT (p < 0.001). (D)
dhCer 16:0 was significantly elevated in TMZ-R WT and TMZ-R KD relative to TMZ-NR WT
(both p <0.0001) and significantly decreased following BCL2L13 knockdown in TMZ-R cells (p
< 0.0001). dhCer 22:0 was significantly elevated in TMZ-R KD relative to TMZ-NR WT (p <
0.05), while very-long-chain dhCer species were generally enriched in TMZ-R cells. (E) MHC
24:0 was significantly elevated in TMZ-R WT relative to TMZ-NR WT (p <0.01). MHC 24:1 was
significantly elevated in TMZ-R WT relative to TMZ-NR WT (p < 0.0001), decreased following
BCL2L13 knockdown in TMZ-R cells (p < 0.05), and differed significantly between TMZ-NR
WT and TMZ-R KD (p <0.05). (F) DHC 16:0 was significantly elevated in both TMZ-R WT and
TMZ-R KD relative to TMZ-NR WT (both p < 0.0001). DHC 22:0 was significantly elevated in
TMZ-R WT (p <0.05) and TMZ-R KD (p < 0.01) relative to TMZ-NR WT, while DHC 24:0 and
24:1 were significantly elevated in both resistant groups relative to TMZ-NR WT (all p <0.0001).
(G) THC profiles demonstrated context-dependent differences. THC 16:0 was significantly lower
in TMZ-R WT relative to TMZ-NR WT (p < 0.0001) and significantly increased following

BCL2L13 knockdown in TMZ-R cells (p < 0.001). THC 24:1 was significantly lower in TMZ-R
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WT relative to TMZ-NR WT (p <0.01). (H) PLS-DA/VIP analysis comparing TMZ-NR WT and
BCL2L13 KD cells identified Cer 20:0, DHC 20:0, DHC 24:1, DHC 24:0, dhCer 22:0, and DHC
16:0 as prominent discriminating species. VIP scores > 1.2 were considered important contributors
to group discrimination. (I) PLS-DA/VIP analysis comparing TMZ-R WT and BCL2L13 KD cells
identified Cer 22:0 and THC 18:0 as prominent discriminating species. (J) KEGG pathway
enrichment analysis following BCL2L13 knockdown in TMZ-NR cells identified steroid hormone
biosynthesis, arachidonic acid metabolism, linoleic acid metabolism, alpha-linolenic acid
metabolism, and neuroactive ligand—receptor interaction as the top five enriched pathways (FDR
=2.55x107). (K) KEGG pathway enrichment analysis following BCL2L13 knockdown in TMZ-
R cells identified neuroactive ligand—receptor interaction (enrichment strength = 1.34, FDR =3.92
x 107") and calcium signaling (enrichment strength = 1.21, FDR = 0.00033) as significantly
enriched pathways. Statistical significance is indicated in the figure (ns = P > 0.05, * =P < 0.05,

¥ =P <0.01, *** =P <0.001, **** =P <0.0001).
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CHAPTER 4: Discussion

In the realm of GBM, TMZ resistance often finds its roots in disrupted cell death and
autophagy mechanisms. Adept at evading apoptosis, GBM cells further fortify their resistance
through alterations in apoptotic pathways. These alterations, including mutations in genes like
TP53 and changes in pro- and anti-apoptotic proteins, contribute to treatment resistance (290, 291).
Concurrently, autophagy can paradoxically bolster cell survival under stress conditions. In GBM,
upregulated autophagy aids cancer cells withstanding chemotherapy by eliminating damaged
organelles and proteins, thereby sustaining cellular metabolism and growth (292, 293). Due to the
multifaceted nature of these resistance mechanisms, pinpointing precise targets for intervention
remains a significant scientific and clinical challenge.

BCL2L13 is a pivotal protein with multifaceted roles in cancer, particularly GBM, and is
involved in both apoptosis and mitophagy in GBM (294). Elevated levels of BCL2L13 have been
observed in GBM, and it has also been identified as a ceramide synthase inhibitor (156).
Additionally, it enhances mitophagy by promoting mitochondrial fission through dynamin-1-like
protein (DNMI1L) (295). Furthermore, BCL2L13 influences apoptosis. Previous research
demonstrated that overexpression of BCL2L13 in GBM cells significantly inhibits caspase
activation, whereas silencing BCL2L13 leads to increased caspase maturation (156). Together,
these findings position BCL2L13 at an intersection between apoptosis, mitochondrial homeostasis,
autophagy, and ceramide metabolism. To elucidate the role of BCL2L13 in TMZ-R and TMZ-NR
GBM cells, this study examined BCL2L13 expression, autophagic flux, mitochondrial
bioenergetics, and lipidomic remodeling in both cellular contexts.

Acquired TMZ resistance significantly limits treatment effectiveness, with over 90% of

recurrent gliomas not responding to a second cycle of chemotherapy (296). Numerous studies
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have investigated TMZ resistance using established GBM cell lines that are either naturally TMZ-
NR or TMZ-R due to genomic alterations in MGMT or p53, revealing mechanisms of inherited
TMZ resistance (297, 298). However, there are only a few studies on acquired TMZ resistance,
primarily because developing models of acquired resistance through chronic TMZ treatment is
time-consuming (100, 297, 299). Using our acquired TMZ-R U251 GBM model, our findings
reveal that TMZ-R cells demonstrate lower susceptibility to TMZ, sustained regrowth, reduced
apoptotic-like morphology, reduced G2/M cell-cycle arrest, and reduced apoptosis compared with
TMZ-NR cells. These characteristics closely resemble acquired TMZ resistance and support the
use of this 18-week pulsed TMZ selection protocol to generate an acquired TMZ-resistant U251
GBM model. Consistent with these findings, Zhu et al. (299) reported increased proliferative
capacity, reduced G2/M arrest, increased DNA replication, and diminished apoptosis following
TMZ exposure in resistant GBM cells. TMZ preferentially induced G2/M arrest in our TMZ-NR
cells, consistent with previous reports (300, 301), whereas TMZ-R cells exhibited substantially
lessG2/M arrest and apoptosis following treatment. Together, these findings validate the resistant
phenotype of the model and provide the experimental context in which the subsequent autophagic,
mitochondrial, and lipidomic differences were examines.

After establishing TMZ resistance, we investigated autophagy as a potential component of
the resistant phenotype. Autophagy has a complex relationship with TMZ resistance and can
support cancer cell survival by removing damaged cellular components and maintaining metabolic
homeostasis during therapeutic stress (302, 303). Chemoradiotherapy can induce autophagy in
glioma, and modulation of autophagy has consequently been investigated as a strategy for altering
treatment sensitivity (302, 304). Induced autophagy has been reported to delay radiation-induced

cell death and contribute to TMZ resistance (305, 306), while inhibition of autophagy-related
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processes can increase sensitivity to TMZ or radiotherapy in experimental models (307). A
mechanistic study demonstrated that sertindole inhibited autophagic flux by suppressing the
lysosomal enzymes CTSD and CTSB, thereby reducing glioblastoma cell growth (308). Although
autophagy commonly promotes tumour cell survival, it can also contribute to programmed.cell
death, highlighting is context-dependent role in glioma therapy (309).

The current study identified impaired autophagic flux in TMZ-R GBM cells. Previous
research examining LC3, Beclin 1, and autophagic flux in low- and high-grade gliomas reported
higher expression of autophagy proteins and greater autophagic turnover in high-grade gliomas
(310). However, inhibition of late-stage autophagy can impair cellular energy recycling and cause
accumulation of nondegradable autophagic vesicles, ultimately promoting tumour cell death (304).
Furthermore, combining autophagy flux inhibitors with autophagy-inducing therapies, such as
radiotherapy or TMZ, may enhance autophagosome accumulation and increase tumour cell
sensitivity to cytotoxic treatment. Accordingly, autophagy inhibitors such as CQ or HCQ have
been investigated as strategies to enhance therapeutic sensitivity (311, 312).

The cell cycle is tightly regulated by checkpoints that coordinate cell growth, DNA
replication, and division process of cell division, and it is controlled by various checkpoints that
ensure proper division and DNA integrity (313). Autophagy flux can influence cell cycle
progression by maintaining cellular energy availability and removing damaged cellular
components that can hinder cell division. During cellular stress, autophagy provides metabolites
that support survival and can delay cell-cycle progression until conditions improve (314, 315).
Autophagy can also regulate cell-cycle proteins, including the cyclin-dependent kinase inhibitors

p21 and p27, thereby influencing cell-cycle progression (316, 317).
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Inhibition of autophagic flux can further disrupt cell-cycle progression through the
accumulation of damaged proteins and organelles, contributing to oxidative stress, DNA damage,
and activation of cell-cycle checkpoints (317, 318). Impaired degradation of cell-cycle regulators,
including cyclin D1, may also contribute to cell-cycle arrest (317). Furthermore, disruption of
autophagic recycling can compromise cellular energy and nutrient availability required for
progression through energy-demanding phases of the cell cycle, including S and G2/M (319).

Cj etal. (310) attributed elevated autophagy protein levels in high-grade glioma to increased
autophagic turnover. However, elevated autophagy proteins may reflect either increased
autophagic activity or impaired degradation at a late stage of the pathway. Therefore, autophagic
flux must be assessed to distinguish between these possibilities. An autophagic flux assay using
BafAl was performed to distinguish between increased autophagic activity and impaired
degradation. In TMZ-NR cells, LC3B-II and p62 decreased over 72 h, while BafAl treatment
caused their accumulation, consistent with intact autophagic flux. In contrast, LC3B-II and p62
accumulated over time in TMZ-R cells, with no further accumulation following BafA1l treatment,
indicating impaired late-stage autophagic turnover. Consistent with these findings, ICC and TEM
demonstrated increased LC3B puncta and accumulation of double-membrane autophagic vacuoles
in TMZ-R cells. Together, these findings support impaired autophagic flux in TMZ-R GBM cells,
with accumulation of autophagic material resulting from defective late-stage turnover rather than
increased autophagic activity.

Given the observed differences in autophagic flux between TMZ-NR and TMZ-R cells, we
next investigated BCL2L13, a protein implicated in mitochondrial homeostasis, mitophagy, and
apoptosis. BCL2L 13 has been associated with mitochondrial membrane potential regulation and

cell survival and death (294), while higher expression levels in GBM has been associated with
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tumour progression and resistance to apoptosis (294, 320). BCL2L13 has also been shown to
promote DNM1L-mediated mitochondrial fission and mitophagy in GBM (295). Furthermore,
Jensen et al. demonstrated that BCL2L13 overexpression inhibited caspase activation, whereas
BCL2L 13 silencing increased caspase maturation, supporting an anti-apoptotic role in GBM cells
(156). In the present study, BCL2L13 expression was significantly higher in TMZ-R than TMZ-
NR cells. This finding prompted further investigation of whether BCL2L13 was associated with
the altered autophagic and cell-death responses observed in the resistant phenotype.

To investigate the relationship between BCL2L13 and autophagy, BCL2L13 was knocked
down in TMZ-NR and TMZ-R GBM cells. BCL2L13 knockdown produced distinct autophagic
responses depending on resistance status. In TMZ-NR cells, knockdown increased LC3B-II
without significantly altering p62, whereas in TMZ-R cells, knockdown decreased LC3B-II and
increased p62 degradation. BafAl further increased LC3B-II accumulation in TMZ-NR cells but
produced little additional change in TMZ-R cells. Together, these findings suggest that BCL2L13
is associated with context-dependent alterations in autophagy-related markers, without producing
a corresponding significant change in autophagic vacuole accumulation.

This context-dependent relationship is consistent with previous evidence linking BCL2L.13
to autophagic processes. BCL2L13 can interact with LC3B and recruit the ULK1 complex during
mitophagy, supporting its proposed function as a mammalian homologue of ATG32 (321).
BCL2L13 has also been shown to promote DNMIL-mediated mitochondrial fission and
mitophagy in GBM cells (295).

Despite its reported anti-apoptotic role, BCL2L13 knockdown did not significantly alter
TMZ-induced apoptosis in TMZ-R cells in the present study. Previous work demonstrated that

BCL2L 13 can inhibit apoptosis in GBM through interactions involving CerS2 and CerS6, limiting

81



BAX activation, mitochondrial outer membrane permeabilization (MOMP), cytochrome c release,
and subsequent caspase activation (156, 320, 322). However, BCL2L13 can exhibit context-
dependent apoptotic functions; its overexpression in HEK293T and HeLa cells has been shown to
induce cytochrome c release and apoptosis (153, 320).

In PC3 cells, BCL2L13 was also shown to interact with adenine nucleotide translocator
(ANT), promoting cytochrome c release through alterations in mitochondrial permeability (154).
BCL2L13 therefore has reported roles in both apoptosis and mitophagy, potentially linking
mitochondrial quality control with cell-death regulation(323, 324).

Previous studies have shown that BCL-2 family proteins regulate mitochondrial function
beyond their canonical roles in apoptosis (289). For example, BCL-xL interacts with FIFO ATP
synthase to reduce proton leak and enhance ATP generation (325), while MCL-1contributes to the
maintenance of oxidative phosphorylation (326, 327). Pro-apoptotic BCL-2 family members also
contribute to metabolic regulation; for example, the BH3-only protein BAD associates with
mitochondrial glucokinase, linking glycolysis with apoptosis signaling (328). Accordingly,
alterations in BCL-2 family activity can affect cellular bioenergetics (329). BCL-2 can also
modulate mitochondrial bioenergetics indirectly through Ca** signaling by binding IP3 receptors
at the endoplasmic reticulum and limiting Ca®* release to mitochondria (330).

Mechanistically, BCL2L13 has been shown to promote DNM1L-dependent mitochondrial
fission and mitophagy, contributing to GBM cell proliferation and invasion (295). These findings
suggest that elevated BCL2L13 in GBM may support mitochondrial homeostasis under cellular
stress. Beyond cancer, BCL2L13 has also been implicated in regulating calcium homeostasis at

ER—mitochondria contact sites in muscle cells (331), further supporting its broader involvement
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in mitochondrial physiology. BCL2L13 has additionally been associated with mitochondrial
bioenergetics and oxidative phosphorylation (320).

Metabolic reprogramming is a hallmark of GBM and contributes to therapy resistance. GBM
cells can preferentially utilize glycolysis even in the presence of oxygen through the Warburg
effect (332). In our Seahorse assays, TMZ-R GBM cells exhibited significantly lower basal oxygen
consumption rates than TMZ-NR cells, demonstrating reduced basal mitochondrial respiration.
This metabolic difference is consistent with reports that stem-like or drug-resistant glioma cells
can exhibit attenuated maximal respiration and spare respiratory capacity (333). Although previous
studies suggest that TMZ-R glioma cells may retain dependence on mitochondrial function, as
inhibition of OXPHOS can preferentially affect TMZ-R cells (334), our findings demonstrate that
TMZ resistance was associated with compromised mitochondrial respiratory capacity.

BCL2L 13 knockdown in TMZ-NR GBM cells reduced mitochondrial respiratory flexibility.
Under FCCP-induced stress, BCL2L13-deficient TMZ-NR cells showed reduced maximal
respiration and spare respiratory capacity, resembling the compromised respiratory phenotype
observed in TMZ-R cells. In contrast, BCL2L13 knockdown had comparatively little additional
effect on mitochondrial respiration in TMZ-R cells, suggesting that the already compromised
respiratory phenotype associated with TMZ resistance may limit the detectable effect of BCL2L.13
loss. Together, these findings suggest that BCL2L13 is associated with the maintenance of
mitochondrial respiratory capacity, with its effects being more evident in TMZ-NR than TMZ-R
cells.

BCL2L13 knockdown also affected mitochondrial respiratory function, although these
effects varied with TMZ resistance status. The reduced maximal respiration and spare respiratory

capacity observed following BCL2L13 knockdown in TMZ-NR cells indicate a diminished ability
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to respond to energetic stress. In contrast, TMZ-R cells already exhibited reduced mitochondrial
respiratory function, with BCL2L13 knockdown producing comparatively little additional
impairment. Together, these findings further support a context-dependent association between
BCL2L13 and mitochondrial bioenergetics in GBM cells.

In GBM cells, BCL2L13 has been shown to promote DNMIL-mediated mitochondrial
fission and mitophagy (295). supporting a role in mitochondrial quality control. However, the
effects of BCL2L13 appear to be context-dependent. In differentiating stem cells, BCL2L13
knockdown was associated with increased mitophagy and a shift toward glycolytic metabolism,
potentially as a compensatory response to mitochondrial stress (288). Together, these findings
suggest that BCL2L13 may influence mitochondrial turnover and metabolic function in a cell
context-dependent manner.

Beyond GBM, BCL2L13 has been implicated in mitochondrial metabolism and apoptosis
across different cellular contexts. During adipocyte differentiation, BCL2L13 silencing impaired
oxidative phosphorylation and was associated with a shift toward glycolytic metabolism (288).
BCL2L13 has also been reported to interact with mitochondrial proteins including VDAC and
ANT, linking it to regulation of mitochondrial membrane permeabilization and cytochrome c
release (335). Conversely, BCL2L13 overexpression has demonstrated pro-apoptotic activity in
other cellular contexts, further highlighting its context-dependent functions (153).

Together, these findings highlight the context-dependent role of BCL2L13 in mitochondrial
function. In the present study, BCL2L13 knockdown reduced maximal respiration and spare
respiratory capacity in TMZ-NR cells, resulting in a respiratory phenotype that more closely
resembled TMZ-R cells. In contrast, BCL2L13 knockdown produced comparatively little

additional impairment in TMZ-R cells, which already exhibited reduced mitochondrial respiratory
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capacity. These findings suggest that BCL2L13 is associated with the maintenance of
mitochondrial respiratory capacity in TMZ-NR cells, whereas TMZ resistance appears to be the
dominant determinant of the compromised mitochondrial phenotype in TMZ-R cells.

Lipid metabolism has an important role in GBM progression and therapeutic resistance.
Our findings demonstrate resistance-associated ceramide remodeling with additional context-
dependent changes following BCL2L 13 knockdown, supporting an association between BCL2L.13
and sphingolipid metabolism. Lipids contribute to cell growth, proliferation, apoptosis,
chemotherapeutic response, and drug resistance in cancer, and glioma cells exhibit substantial
alterations in lipid metabolism (281, 336, 337). Taib et al. demonstrated accumulation of several
lipid classes in GBM cells, including ceramides, phospholipids, diglycerides, triglycerides, and
sphingomyelins. GBM cells can also rely on de novo lipid synthesis under nutrient-deprived
conditions, highlighting lipid metabolism as a potential therapeutic vulnerability (281). Among
these lipids, ceramides are particularly relevant because of their roles in apoptosis and autophagy
and their previously reported association with BCL2L13 (156).

Previous studies suggest that targeting ceramide metabolism may influence therapeutic
response in GBM. Manipulation of ceramide metabolic pathways, including inhibition of
glucosylceramide synthase, has been investigated as a strategy to increase ceramide accumulation
and promote apoptosis (338). Navone et al. demonstrated that luteolin shifted the sphingolipid
rheostat toward ceramide production and increased TMZ sensitivity in primary GBM stem cells
(339). Together, these findings support continued investigation of ceramide and sphingolipid
metabolism as potential therapeutic targets in GBM.

Ceramides have important signaling roles in cellular stress responses, apoptosis,

proliferation, and differentiation (156). Within sphingolipid metabolism, ceramide generally
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promotes cell death, whereas sphingosine-1-phosphate (S1P) promotes cell survival and
chemoresistance. Ceramide can also promote lethal mitophagy, in which extensive mitochondrial
degradation contributes to apoptosis-independent cancer cell death (340). The balance between
ceramide and S1P, often referred to as the sphingolipid rheostat, therefore influences cancer cell
survival, and shifting this balance toward ceramide signaling may promote tumour cell death (341).
Ceramide synthases also contribute to mitochondrial outer membrane MOMP and cytochrome ¢
release during apoptosis, further linking ceramide metabolism to apoptotic regulation in GBM
(156).

CerS2 and CerS6 generate distinct ceramide species and have been implicated in apoptotic
regulation in GBM. Previous studies demonstrated that CerS2 and CerS6 overexpression enhanced
caspase activation in GBM cells, whereas their inhibition reduced this response (156). BCL2L13
has been reported to interact with CerS2 and CerS6 and inhibit their activity (342). BCL2L13
knockdown has also been shown to increase CerS2 and CerS6 activity at the mitochondrial
membrane (156). These findings provided the rationale for investigating whether BCL2L13
knockdown was associated with changes in ceramide profiles in the present study. Reduced
ceramide levels have also been associated with higher-grade gliomas and enhanced GBM cell
survival (156, 250), further supporting the relevance of ceramide metabolism to GBM biology.

Our results demonstrated distinct lipid profiles between TMZ-NR and TMZ-R GBM cells,
with TMZ resistance representing the predominant source of lipidomic variation. The heatmap
showed that dhCer and MHC species were generally higher in TMZ-NR and TMZ-R WT cells
than in their respective BCL2L13 KD counterparts. In TMZ-R cells, BCL2L13 knockdown was

associated with enrichment of several DHC and THC species, including THC 18:0, 20:0, and 22:0.
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Together, these findings indicate that BCL2L13 knockdown is associated with subclass- and chain-
length-specific lipid remodeling rather than a uniform increase or decrease in ceramide species.
dhCer species have been implicated in autophagy, oxidative and ER stress, as well as
immunoregulatory and antiproliferative processes. Oxidative stress and hypoxia may also promote
dhCer accumulation (343). dhCers have been shown to promote autophagosome formation in
prostate cancer cells following treatment with fenretinide, a dihydroceramide desaturase inhibitor,
or exogenous short-chain dhCer (344). Subsequent studies further supported a role for dhCer in
autophagy (345, 346). In GBM, accumulation of dihydrosphingosine and dhCer, together with ER
stress and autophagy, has been associated with cell death following combined sphingosine kinase
inhibition and TMZ treatment (347).
Our findings demonstrated chain-length-specific differences in ceramide profiles across
TMZ resistance and BCL2L13 knockdown conditions. Cer 18:0 was significantly elevated in
TMZ-R WT compared with TMZ-NR WT cells and decreased following BCL2L13 knockdown
in TMZ-R cells. Similar patterns were observed for Cer 20:0 and Cer 22:0, with Cer 22:0
significantly elevated in TMZ-R WT compared with TMZ-NR WT cells. Cer 24:0 and Cer 24:1
were also highest in TMZ-R WT cells and decreased following BCL2L13 knockdown. CerS2
preferentially synthesizes very-long-chain ceramides, including C20-C26 species, while
BCL2L13 has been reported to inhibit CerS2 and CerS6 activity (156). These findings are therefore
consistent with a context-dependent association between BCL2L13 and CerS-associated ceramide
remodeling, although the present lipidomic analysis does not directly establish altered CerS
activity. CerS2 is the only CerS containing motifs similar to S1P receptors, and S1P has been
reported to inhibit ceramide synthesis in cells overexpressing CerS2 (348, 349). CerS2 has an

important role in sphingolipid metabolism and has been implicated in cellular proliferation,

87



apoptosis, and tissue homeostasis. CerS2-deficient mice exhibit increased hepatocyte proliferation
and apoptosis as well as pathological changes in the brain (207, 350, 351), suggesting that loss of
CerS2 may contribute to carcinogenic processes. CerS2 has also been implicated in cellular
responses to radiation, with overexpression associated with delayed apoptosis (349, 352).
Furthermore, CerS2 suppression has been associated with ER stress, activation of the unfolded
protein response (UPR), and increased autophagy (250, 353). CerS2 loss has also been associated
with altered expression of cell-cycle regulators and genes involved in signaling and fatty acid
metabolism (250, 353). Together, these studies demonstrate that CerS2 influences multiple cellular
stress and metabolic pathways relevant to cancer.

Cer 16:0 also demonstrated a resistance-dependent response to BCL2L13 knockdown, with
the highest levels observed in TMZ-R KD cells and the lowest levels in TMZ-NR KD cells. This
contrasting response indicates that BCL2L 13 knockdown is associated with context-dependent Cer
16:0 remodeling rather than a uniform increase in Cer 16:0. CerS6 preferentially synthesizes C14
and C16 ceramides and has been implicated in cancer development (249). CerS6 activity has been
associated with apoptotic signaling through CD95 and tumour cell death(244, 354), while CerS6
knockdown has been reported to protect against apoptosis (248). In head and neck squamous cell
carcinoma, CerS6 downregulation reduced Cer 16:0 and was associated with ER stress and
activation of the unfolded protein response, whereas CerS6 overexpression promoted proliferation
(355). CerS6 has also been implicated in TRAIL-mediated apoptosis, with CerS6 overexpression
restoring TRAIL sensitivity in resistant colon carcinoma cells (248). CerS6-dependent ceramide
signaling has additionally been associated with CD95-mediated chemotherapy responses (356).

ROS can also contribute to oxidative mitochondrial damage and apoptotic signaling (357).
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Together, these studies highlight the context-dependent role of CerS6 and Cer 16:0 in cancer cell
stress and apoptotic responses.

Knockdown of BCL2L13 in TMZ-NR cells led to significant enrichment of lipid metabolic
pathways, including steroid hormone biosynthesis, arachidonic acid, linoleic acid, and a-linolenic
acid metabolism (all FDR =2.5x10”-7) (Figure 6J). These findings suggest that loss of BCL2L13
perturbs lipid homeostasis, consistent with its role in autophagy and mitochondrial function.
Notably, autophagy (particularly lipophagy) is essential for mobilizing cholesterol and fatty acids
for steroidogenesis; inhibiting autophagy can dysregulate steroid hormone production and lipid
metabolism gene expression (358). BCL2L13 itself is a mitophagy receptor required for clearing
damaged mitochondria (178). Its deficiency leads to accumulation of dysfunctional mitochondria
and oxidative stress, forcing cells to rewire their metabolism (178). Accordingly, anti-apoptotic
BCL-2 family proteins are known to support mitochondrial energetics beyond apoptosis — for
example, BCL-2/BCL-XL overexpression enhances oxidative phosphorylation and ATP
generation in cancer cells (increasing Complex I activity and oxygen consumption (359). Loss of
BCL2L13 would thus be expected to compromise respiratory capacity and trigger compensatory
upregulation of lipid biosynthetic pathways to meet energy demands. This aligns with our
observation of increased LC3-II in BCL2L13-depleted sensitive cells (indicative of altered
autophagic flux) (Figure 4) and the enrichment of lipid-signaling KEGG pathways, pointing to a
metabolic stress response. Supporting this, Seahorse analysis (Figure 5) revealed that BCL2L13
knockdown in TMZ-NR cells led to marked reductions in maximal and spare respiratory capacity
and modestly impaired ATP-linked respiration, mimicking the low-capacity phenotype seen in
resistant cells. These bioenergetic deficits may promote compensatory activation of lipid

biosynthesis and remodeling pathways identified in KEGG enrichment.
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In TMZ-R cells, BCL2L13 knockdown primarily altered signaling pathways. KEGG analysis
identified Neuroactive Ligand—Receptor Interaction as the top hit (14 genes, FDR ~3.9x10"-13)
and the Calcium Signaling pathway as second (6 genes, FDR ~3.3x10"—4). These shifts highlight
that disrupting BCL2L13 in the resistant context affects cell communication and Ca**-homeostasis
more than core metabolism. Notably, BCL-2 family proteins are key modulators of intracellular
Ca?" dynamics. For example, BCL-2 localized to the ER inhibits IP3 receptor-mediated Ca**
release, thereby dampening calcium signaling and apoptotic cascades (360). Thus, BCL2L13 loss
may exacerbate Ca’" dysregulation in TMZ-resistant cells, consistent with the enrichment of
calcium-signaling genes (e.g. NOS2, HTR2C, TACR3). Furthermore, enrichment of the
neuroactive ligand-receptor pathway (including opioid, cannabinoid, and serotonin receptors)
suggests a broader stress-adaptive response in resistant GBM cells lacking BCL2L13. Such
receptors have been implicated in glioma survival and may be upregulated as a compensatory
mechanism when mitochondrial and autophagic function is impaired, echoing the known crosstalk
between mitochondrial stress and cell signaling pathways (361). Overall, our KEGG analysis
suggests that BCL2L13 depletion induces profound metabolic remodeling in TMZ-NR cells,
favouring lipid-related pathways, while provoking alterations in Ca**-linked signaling and receptor
networks in TMZ-R cells. These findings are consistent with the established role of BCL2L13 in
mitophagy and the broader influence of BCL-2 family proteins on cellular metabolism and calcium
homeostasis. Furthermore, Seahorse metabolic profiling (Figure 5) demonstrated that BCL2L.13
knockdown in TMZ-R cells, which already exhibit profoundly reduced respiratory function, does
not further impair maximal or ATP-linked respiration but exacerbates proton leak, highlighting
persistent mitochondrial dysfunction potentially linked to calcium signaling alterations identified

by KEGG analysis.
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CHAPTER 5: Future Directions

5.1 Investigating the roles of CerS2 and CerS6

To further elucidate the roles of ceramide synthase 2 (CerS2) and ceramide synthase 6
(CerS6) in TMZ resistance, future studies should directly manipulate CerS2 and CerS6 in TMZ-R
and TMZ-NR GBM cells. These enzymes generate distinct ceramide species, with CerS2
preferentially synthesizing very-long-chain ceramides and CerS6 primarily generating C16
ceramide. These ceramide species have distinct roles in cellular signaling, apoptosis, and stress
responses (294).

The present lipidomic findings demonstrated resistance- and chain-length-dependent
ceramide remodeling associated with BCL2L13 KD. Direct genetic or pharmacological
manipulation of CerS2 and CerS6, followed by lipidomic analysis and functional assessment of
autophagy, apoptosis, and TMZ sensitivity, would help determine whether these enzymes
contribute to the observed lipid remodeling and cellular phenotypes. Comparing these effects
between TMZ-R and TMZ-NR cells would further establish whether CerS-associated functions
depend on TMZ resistance status.

Importantly, these experiments would provide functional evidence beyond the associations
identified by the present lipidomic analysis and clarify whether CerS2- or CerS6-associated

pathways represent potential therapeutic vulnerabilities in TMZ-R GBM.

5.2 Investigating the relationship between autophagy flux Inhibition and the unfolded
protein response (UPR)
The unfolded protein response (UPR) is closely interconnected with autophagy during

cellular stress and may contribute to the impaired autophagic flux observed in TMZ-R cells. UPR
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activation can modulate autophagy through several signaling mechanisms (362). The UPR is
activated in response to the accumulation of misfolded proteins in the endoplasmic reticulum (ER).
It aims to restore ER homeostasis by enhancing protein folding capacity, degrading misfolded
proteins, and attenuating protein synthesis. However, prolonged UPR activation can lead to cell
death. The UPR is primarily mediated through the PERK, IREla, and ATF6 signaling branches,
which coordinate cellular responses to endoplasmic reticulum (ER) stress and have been
implicated in autophagy regulation (363). Future studies should determine whether impaired
autophagic flux in TMZ-R cells is associated with altered UPR activation by comparing UPR-
related proteins and signaling pathways between TMZ-R and TMZ-NR cells following TMZ
treatment. In particular, assessment of PERK/elF20/ATF4, IRE1oXBP1, and ATF6 signaling
alongside autophagic flux would help define the relationship between ER stress and the autophagic
phenotype identified in TMZ-R cells (363). Genetic or pharmacological modulation of these
pathways could then determine whether altered UPR signaling contributes to impaired autophagic
flux and whether its modulation influences TMZ-induced apoptosis.
5.3  Subcellular fractionation and lipidomics

To further characterize the lipid remodeling identified in the present study, future studies
should combine subcellular fractionation with targeted lipidomics in TMZ-R and TMZ-NR GBM
cells. Isolation of mitochondrial, cytosolic, and nuclear fractions would allow determination of
whether the observed lipid alterations, including changes in ceramide species, are localized to
specific cellular compartments.

Mitochondrial lipid composition is particularly relevant because alterations in membrane
lipids can influence mitochondrial membrane integrity, respiratory function, and the release of pro-

apoptotic factors (364). Compartment-specific analysis could therefore help determine whether the
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ceramide remodeling observed in TMZ-R cells and following BCL2L13 knockdown is associated
with the mitochondrial and apoptotic phenotypes identified in the present study.

Cytosolic lipids can also function as signaling molecules that influence pathways involved
in autophagy and apoptosis, while nuclear lipids can affect processes including chromatin
organization, gene transcription, and DNA repair (365). Comparing lipid profiles across these
compartments would provide greater insight into the cellular localization and potential functional
significance of the lipid alterations associated with TMZ resistance and BCL2L13 knockdown.

Together, subcellular fractionation and lipidomics would extend the present whole-cell
lipidomic analysis by determining where resistance- and BCL2L13-associated lipid remodeling
occurs and provide a foundation for subsequent functional investigation of these lipid changes.
5.4  Therapeutic targeting of TMZ-R GBM cells

If TMZ-R GBM cells could be selectively targeted, the distinct cellular vulnerabilities
identified in the present study may provide opportunities for combination treatment strategies.
TMZ-R cells exhibited impaired autophagic flux, reduced mitochondrial capacity, and distinct
ceramide remodeling compared with TMZ-NR cells. These differences suggest that therapeutic
strategies directed specifically towards the resistant population could exploit pathways important
for TMZ-R cell survival while maintaining the activity of TMZ against responsive tumour cells.

One potential strategy would be to further disrupt autophagic or mitochondrial
homeostasis in TMZ-R cells. Autophagy inhibitors have been investigated as a means of
enhancing therapeutic sensitivity in GBM (311, 312). Mitochondrial metabolism may represent
another therapeutic vulnerability, as inhibition of oxidative phosphorylation has been reported to
preferentially affect TMZ-R GBM cells (334). Although BCL2L13 KD did not restore TMZ-

induced apoptosis in the present study, it’s context-dependent associations with autophagy,
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mitochondrial function, and lipid remodeling suggest that BCL2L 13-associated pathways may
reveal additional therapeutic vulnerabilities in TMZ-R GBM.

Alternatively, the distinct sphingolipid profiles observed in TMZ-R cells support
investigation of ceramide metabolism as a therapeutic target. Manipulation of sphingolipid
metabolism has been shown to influence GBM cell survival and response to TMZ (338, 339).
Future studies could determine whether targeting CerS2-, CerS6-, or other sphingolipid-
associated pathways selectively compromises TMZ-R cell survival.

A potential therapeutic approach could therefore combine TMZ with an agent that
specifically targets vulnerabilities in TMZ-R cells, such as altered autophagy, mitochondrial
function, or lipid metabolism. This combination could target both TMZ-NR and TMZ-R tumour
cell populations. Future studies in patient-derived and in vivo GBM models would be required to

evaluate the efficacy and selectivity of this approach.

CHAPTER 6: Conclusion

Glioblastoma remains one of the most aggressive and treatment-resistant malignancies, with
the development of TMZ resistance representing a major obstacle to successful treatment. In this
study, we investigated the role of BCL2L13 in autophagy, mitochondrial function, and ceramide
metabolism in TMZ-resistant glioblastoma cells. Our findings demonstrate that TMZ-resistant
cells exhibit impaired autophagy flux, reduced sensitivity to TMZ-induced apoptosis,
compromised mitochondrial respiratory capacity, and distinct sphingolipid remodeling.
Furthermore, BCL2L13 expression was significantly elevated in TMZ-resistant cells, supporting

it’s potential role for BCL2L13 in resistance-associated cellular adaptation.
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BCL2L 13 knockdown produced context-dependent effects in TMZ-resistant and TMZ-non-
resistant cells. Although BCL2L13 knockdown did not significantly alter TMZ-induced apoptosis
or autophagosome accumulation, changes in autophagy-related markers were observed and
differed according to resistance status. BCL2L13 knockdown was also associated with altered
mitochondrial respiration, with effects on maximal respiration and spare respiratory capacity being
more evident in TMZ-non-resistant cells. Lipidomic analysis revealed resistance-, subclass-, and
chain-length-specific remodeling of ceramide and related sphingolipid species associated with
BCL2L13 knockdown. Importantly, TMZ resistance remained the predominant determinant of the
mitochondrial and lipidomic phenotypes. Together, these findings support a context-dependent
association between BCL2L13, autophagy, mitochondrial function, and ceramide metabolism in
glioblastoma.

Collectively, this work demonstrates that BCL2L13 is associated with cellular pathways that
differ according to TMZ resistance status. Rather than acting as a direct determinant of TMZ
resistance, BCL2L 13 may contribute to resistance-associated changes in autophagy, mitochondrial
bioenergetics, and ceramide lipid remodeling. This study provides a foundation for future studies
investigating BCL2L13-associated pathways, CerS2 and CerS6 function, UPR signaling, and
compartment-specific lipid remodeling, as well as whether these pathways represent therapeutic

vulnerabilities that can be selectively exploited in TMZ-resistant glioblastoma.
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