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Abstract

Glioblastoma (GBM) is the most common primary malignant brain tumor in adults and has an exceedingly low
median overall survival of only 15 months. Current standard-of-care for GBM consists of gross total surgical
resection followed by radiation with concurrent and adjuvant chemotherapy. Temozolomide (TMZ) is the first-
choice chemotherapeutic agent in GBM; however, the development of resistance to TMZ often becomes the
limiting factor in effective treatment. While O6-methylguanine-DNA methyltransferase repair activity and uniquely
resistant populations of glioma stem cells are the most well-known contributors to TMZ resistance, many other
molecular mechanisms have come to light in recent years. Key emerging mechanisms include the involvement of
other DNA repair systems, aberrant signaling pathways, autophagy, epigenetic modifications, microRNAs, and
extracellular vesicle production. This review aims to provide a comprehensive overview of the clinically relevant
molecular mechanisms and their extensive interconnections to better inform efforts to combat TMZ resistance.
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INTRODUCTION
The clinical landscape of glioblastoma

Glioblastoma (GBM) is the most common malignant brain tumor in adults, accounting for approximately
15% of all central nervous system tumors and about 45% of primary malignant brain tumors". Despite
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extensive research efforts to better understand and treat these tumors, the prognosis for GBM remains
extremely poor with a median overall survival of approximately 15 months and progression-free survival
of only 6 months™”. Current standard-of-care consists of maximal safe surgical resection followed by
radiation with concomitant and adjuvant chemotherapy'*. Temozolomide (TMZ) has been widely used
as the standard chemotherapy for newly-diagnosed GBM since its initial FDA approval in 2005 and the
subsequent widespread use of the Stupp regimen[sl. In their landmark paper, Stupp et al.”’ showed that the
addition of TMZ chemotherapy to radiation led to a 2-month increase in median overall survival, and this
remains one of the most significant enhancements in GBM survival achieved by a novel chemotherapeutic
drug to date. The anti-angiogenic agent bevacizumab (Avastin®) has also become a popular second-
line therapy in the past decade. While studies have shown that it does not improve overall survival in
comparison to standard TMZ plus radiotherapy, it has demonstrated utility in quality of life improvement
and symptom management®”. Interestingly, a recent study suggests that bevacizumab may affect
chemotherapeutic delivery through alteration of perfusion dynamics, suggesting that bevacizumab may

play a role in TMZ delivery and preventing resistance”.

In addition to traditional chemotherapy and radiation, there are also a number of innovative treatments
that have come into recent use for GBM, including carmustine wafers (Gliadel”)"""
implanted local chemotherapy, as well as low-intensity alternating electrical tumor treating fields
(Optune® therapy) with anti-proliferative properties[”’“]. These treatment options have been shown to
confer significant benefit to some patients and have the advantage of being well-tolerated with few side
effects as they are localized (Gliadel®) or non-invasive (Optune®) therapies”*. Tumor treating fields
(TTFields) in particular show true potential for incorporation into standard-of-care based on a recent
clinical trial of TTFields plus TMZ, which produced a median overall survival of 20.9 months compared
to TMZ alone"*"". However, even with the addition of new therapies, TMZ remains the mainstay of high-
grade glioma treatment, so a thorough understanding of its functionality and prevention of resistance
development are of great importance to successful GBM treatment.

, an intracranially

Following the 2016 update to the World Health Organization Classification of Tumors of the Central
Nervous System"®, there has been an increasing effort to integrate molecular tumor characteristics into
GBM diagnosis and treatment in addition to histological analysis. Isocitrate dehydrogenase (IDH) and Os-
methylguanine-DNA methyltransferase (MGMT) status are of particular importance in GBM, with mutant
IDH and methylated MGMT being associated with better prognosis'”. However, only a small portion of
tumors are IDH-mutant (~10%) or have methylated MGMT (~50%), and MGMT status in particular may
change over the course of treatment***. More nuanced molecular classification of tumors has also created
the opportunity to understand how different tumor subtypes respond to TMZ treatment, as demonstrated
by the finding that although IDH wild-type tumors have a worse overall prognosis, they may have an
improved response to TMZ""***', This demonstrates the importance of a more refined understanding of
TMZ resistance mechanisms in the advancement of GBM stratification and treatment.

History of temozolomide in glioblastoma treatment

TMZ is part of the larger class of DNA alkylating agents that were first discovered to have anti-tumorigenic
effects in the 1940s and quickly became the first drugs to be used as chemotherapeutics. However, TMZ
specifically was not synthesized until the late 1970s and was approved for medical use in Europe and the
United States in the early 2000s””. TMZ (brand names: Temodar, Temodal) is an imidazotetrazine lipophilic
prodrug that is able to cross the blood-brain barrier and can therefore be administered orally. It is stable at
acidic pH and is activated at physiological pH through conversion to the metabolite 5-(3-methyltriazen-
1-yl) imidazole-4-carboxamide (MTIC)"™. MTIC is then hydrolyzed to produce methyldiazonium ions
which are electrophilic methylated molecules that cause DNA damage. Negatively charged DNA acts as
a nucleophile and the methyl group from the methyldiazonium ion is transferred to DNA, resulting in

[22,23]

multiple DNA adducts that create opportunity for mismatched base pairing and ultimately cytotoxicity
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Figure 1. The role of glioma stem cells (GSCs) in tumorigenesis. The heterogeneous nature of glioblastoma (GBM) tumors creates an
opportunity for the evolutionary selection of particular clonal cell populations with growth advantages and propagates advantageous
mutations. In particular, a small population of quiescent cells with stem-like properties, GSCs, has been shown to be particularly
resistant to temozolomide treatment in GBM and these cells are thought to act as the recurrent tumor-initiating cells, which are
responsible for regrowth of tumors after initial treatment. While the criteria for defining GSCs are still evolving, the most commonly
used markers for GSCs include CD133+, CD44+, CD15+, CD70+, ST00A4, ALDH1A3, Nanog, SOX-2, and Nestin. These stem cell
characteristics are enhanced by many of the molecular mechanisms of temozolomide resistance in GBM as well as being intrinsic
drivers of resistance. Modified from Xie et al.”®

As a monofunctional alkylating agent, TMZ affects single strands of DNA at specific sites; it preferentially
methylates DNA at the N7 position of guanine, O3 position of adenine and O6 position of guanine™”
Alkylation of the O6 site on guanine leads to the formation of O6-methylguannine adducts and results in
the insertion of thymine residues instead of cytosine. These unrepairable mutations induce the formation

of single- and double-stranded DNA breaks resulting in cell cycle arrest at G2/M and apoptosis”

Development of temozolomide resistance

TMZ has become a cornerstone of GBM treatment, but it is unfortunately also a key factor in tumor
resistance and recurrence. Due to the widespread exposure to TMZ and highly heterogeneous and
mutation prone nature of GBM, it is quite common for these lethal tumors to develop resistance to TMZ.
Unfortunately, over 50% of GBM patients treated with TMZ do not respond to the therapy, yet there are
limited predictive markers for TMZ response beyond MGMT status***. Understanding and combating
TMZ resistance is further complicated by the fact that resistance can be either inherently characteristic of

certain tumors or acquired after initial treatment"”.

TMZ resistance is a clinically meaningful and substantial obstacle that must be overcome for successful
treatment of GBM™". Thus, an in-depth understanding of the cellular populations that drive resistance and
the molecular mechanisms that underlie its development and potentiation is of paramount importance.
In this review, we present an organized and comprehensive overview of the pathways and mechanisms
involved in the complex resistance of GBM tumors to TMZ to better inform future research and treatment
design.

THE ROLE OF GLIOMA STEM CELLS IN RESISTANCE

The troubling phenomenon of TMZ resistance is thought to be driven primarily by a unique population
of undifferentiated and highly tumorigenic cancer stem cells known as glioma stem cells (GSCs; Figure 1).
Investigation into this population of therapy-resistant cells was first prompted by the observation of a subset
of cells in glial tumors capable of forming heterogeneous clonal populations™*”. It was also demonstrated
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that radiation and chemotherapy regimens produced enriched populations of stem-like CD133" cells,
thought to be mediated by an upregulation in DNA repair mechanisms™". To better identify GSCs, there
has been a significant effort to establish reliable GSC markers. Although still somewhat debated, the most
widely accepted and utilized markers of GSCs include CD133, CD44, CD15, CD70, S100A4, ALDH1A3,
Nanog, SOX-2, and Nestin™,

With advancing technology, there have been many elegant studies that further interrogate the renewal
capacity and evolutionary patterns of GSCs. Whole genome and exome sequencing of paired primary and
recurrent tumors reveals shared mutations between the genomic profiles that can be traced to a population
of resistant GSCs"***; and fate mapping studies using genetic barcoding have shown that chemotherapy
produces an evolutionary selective pressure resulting in the expansion of drug-resistant GSCs"***!. Taken
together, these results suggest that GSCs are at the core of TMZ resistance and must be specifically targeted

to prevent recurrence.

While GSCs comprise as few as 1% of cells in any given GBM tumor, they are responsible for a majority of
tumor recurrences due to their ability to regenerate tumor heterogeneity which allows for the development
of resistance to both standard chemotherapeutic agents as well as targeted therapies””. For this reason,
many of the molecular mechanisms uncovered in the recent studies discussed here have been determined
in the context of GSC populations. This has become standard practice in most modern GBM research and
is prudent in overcoming the crucial contribution of GSCs to TMZ resistance.

DNA REPAIR AND TEMOZOLOMIDE RESISTANCE
MGMT

MGMT is often considered the most important contributor to TMZ resistance due to its direct role in
counteracting DNA alkylation damage [Figure 2]. MGMT is an endogenous DNA repair enzyme that
helps maintain genomic stability through mismatch repair. Under conditions of TMZ treatment, MGMT
can remove the methyl group in O6-methylguanine thereby neutralizing the drug-induced DNA damage
and reducing the overall efficacy of TMZ. Therefore, MGMT expression, which is determined by CpG
methylation status of the MGMT gene promoter region, is an important factor in TMZ treatment response.
Hypermethylation of the MGMT promoter results in decreased expression of the MGMT protein and has
been shown to correlate with prolonged survival in GBM patients. In contrast, unmethylated tumors (with
increased MGMT activity) commonly exhibit resistance to TMZ. Therefore, the epigenetic status of MGMT
has been established as a surrogate marker of intrinsic resistance to TMZ"**”.

Additionally, there is mounting evidence from meta-analysis studies suggesting that MGMT status may be
susceptible to change throughout a tumor’s treatment, progression or recurrence”™. It has been observed
that tumors with initial MGMT methylation have a decreased methylation ratio upon recurrence after
treatment with TMZ, suggesting that the reduction in MGMT promoter methylation is a mechanism for
acquiring therapeutic resistance to TMZ"™. A deeper understanding of the mechanisms that prompt change
in MGMT methylation and their contribution to TMZ resistance will be fundamental to comprehensive
GBM treatment. Recent emerging evidence from clinical trials suggests that a combination treatment of
lomustine and TMZ may improve overall survival when used as a first-line treatment for patients with
MGMT methylation, further demonstrating the clinical importance of targeting and characterizing DNA
repair enzymes early in GBM treatment'",

Base excision repair

Base excision repair (BER) is responsible for repairing single nucleotide modifications, and its mechanism
involves several enzymatic reactions carried out by glycosylase, endonuclease, polymerase and DNA
ligase'*"!. The vast majority (> 90%) of N'-guanine and N'-adenine methylation that is induced by TMZ
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Figure 2. Mechanism of TMZ metabolism, DNA damage and DNA repair. Under physiological conditions TMZ is metabolized to MTIC
and then to its active form, a methyl diazonium ion. The electrophilic methyl diazonium ion acts as a methyl donor, transferring its
methyl group to negatively charged DNA and creating DNA adducts. This alkylating activity occurs preferentially at N7 of guanine, O3
of adenine and O6 of guanine and, if left unrepaired, results in improper base pairing and single and double-stranded DNA breaks. The
primary endogenous DNA repair mechanisms that counteract the DNA damage caused by TMZ, and are thus commonly implicated
in TMZ resistance, include MGMT, BER and MMR. TMZ: temozolomide; MTIC: metabolite 5-(3-methyltriazen-1-yl) imidazole-4-
carboxamide; MGMT: O6-methylguanine-DNA methyltransferase; BER: base excision repair; MMR: mismatch repair
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Figure 7. Overview of mechanisms involved in TMZ resistance in GBM. The molecular mechanisms contributing to TMZ resistance
in GBM are nuanced and extensive yet fall primarily into the fundamental categories of DNA repair, cell stemness, HDAC activity,
aberrant receptor and transcription factor activity, autophagy, activation and suppression by various miRNAs, and intercellular transport
of oncogenic factors via extracellular vesicles. There is significant interplay between all of these categories, and often a mutation
or overactivation in one category will prompt or amplify additional resistance pathways. For this reason, successful combating of
TMZ resistance will require a multifaceted approach that prevents compensation through alternative resistance mechanisms. GBM:
glioblastoma; TMZ: temozolomide; HDACs: histone deacetylases

This has been found to be true in the case of IncSBF2-AS1-enriched exosomes that are able to promote
TMZ-resistance. Zhang et al.*"" found that IncSBF2-AS1 functions as a competing endogenous RNA of
miR-151a-3p, disinhibiting its target XRCC4 and resulting in increased DNA repair and TMZ resistance.
Another hallmark EV study showed that gene fusion elements play a role in EV-mediated resistance. EVs
harboring PTPRZ1-MET fusions, a known driver mutation in GBM, altered gene expression in recipient
cells, induced EMT transition and cell migration, and conferred TMZ resistance”*”. Tt has also been found
that hypoxic stress induces changes in EV content, tying in yet another previous mechanism of TMZ
resistance. Hypoxic exosomes have been shown to trigger gene expression changes in recipient cells such as
upregulation of small nucleolar RNA C/D box 1116-21 (SNORD116-21) and downregulation of potassium
voltage-gated channel subfamily member 3 (KCNJ3)**.

Furthermore, once EVs exit the cell, they may also enter the bloodstream, which has led to the
investigation of EVs as potential cancer biomarkers and the possibility of liquid biopsy[m]. In the case of
TMZ resistance and GBM, this presents the opportunity to screen for known resistance markers and use
EVs in the prediction of therapy response. A previous study by Akers et al.”*” showed that miR-21 can be
used to reliably distinguish exosomes in CSF from GBM vs. non-oncological patients from which it can






























