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SUMMARY

Introduction

Glioblastoma (GBM), the most common malignant brain tumor in adults, presents a
challenging prognosis with a median survival of 12 to 15 months. Anticipating the
effectiveness of treatments, especially chemotherapy and radiotherapy, is critical in GBM

management.

Temozolomide (TMZ) 1is effective in GBM patients with MGMT promoter
hypermethylation, found in about 40% of cases. For this type of molecular diagnosis, DNA
methylation analysis faces challenges with standard PCR approaches, prompting the use of
sodium bisulfite treatment, a time-consuming process with potential bias and DNA damage

issues.

In addition, while MGMT promoter methylation is a crucial prognostic factor, it does not
fully describe the disease’s behavior. Emerging data suggest that altered miRNA expression

may contribute to MGMT gene silencing, adding complexity to GBM molecular dynamics.
Aim of the thesis

This thesis is divided into two sections. The first explores specific miRNAs’ impact on
MGMT and prognosis in GBM patients, aiming to validate associations with TMZ treatment
response. The second section introduces the novel EpiDirect® assay, developed in
collaboration with a Danish company, for bisulfite-free DNA methylation analysis. The new
assay is compared to existing bisulfite-dependent assays to assess sensitivity, specificity, and

clinical utility.
Patients and methods

In the first part, MGMT expression, promoter methylation, and miRNA expression were
analyzed in 112 GBMs using immunohistochemistry (IHC), methylation-specific PCR and

real-time PCR experiments, respectively.

The second part focused on testing EpiDirect®, a novel quantitative PCR (qPCR) platform.
It utilizes the synergistic interaction between cytosine methylation and the DNA analog

platform INA® to discriminate between methylated and unmethylated cytosines without pre-



treatment. The assay’s performance was compared to two bisulfite-dependent methods for

methyl-specific PCR using 42 brain tumor samples.
Results

In the first section of the study, MGMT promoter methylation was observed in 36.1% of
assessable cases, and MGMT protein expression was absent in 44.9% of cases. Noteworthy,
miRNA expressions included robust overexpression of miR-21 and miR-196b and
downregulation of miR-767.3. Statistical analyses revealed significant associations between
low miRNA expression and MGMT protein positivity in unmethylated cases, as well as
associations with MGMT promoter methylation in methylated cases. Improved overall
survival (OS) was noted in cases with negative MGMT protein expression, methylated
patients, and with specific miRNA expressions. Additionally, superior progression-free

survival (PFS) was linked to MGMT methylation and gross total resection.

In the second part, EpiDirect® demonstrated a sensitivity of 0.82 and specificity of 0.84
compared to the first method as a reference. When compared to the second method as a
reference, sensitivity was 0.75, and specificity was 0.76. Notably, EpiDirect® identified 5
methylated samples missed by the comparator methods. EpiDirect® provided results in less
than 2 hours, contrasting with the over 5 hours required by the comparator methods after

DNA extraction, emphasizing its efficiency and speed.
Discussion

In the first section, the study focused on seven miRNAs and their role in modulating MGMT
expression. Significant correlations were found between reduced expression of four
miRNAs (miR-181c, miR-195, miR-648, and miR-767.3p) and MGMT protein expression,
aligning with prior research indicating their downregulation in poor TMZ treatment
responders. This emphasizes the potential of these miRNAs in influencing glioblastoma
treatment responses and guiding therapeutic strategies. Another key finding is the confirmed
correlation between miRNA expression, particularly miR-648, and MGMT methylation,
highlighting the intricate relationship between miRNA expression and the epigenetic status
of the MGMT gene.

Regarding clinical relevance, the study reaffirmed positive correlations between improved
OS and PFS with MGMT promoter hypermethylation. Patients with negative IHC results

also exhibited better clinical outcomes. Furthermore, four miRNAs (miR-21, miR-195, miR-



196b, and miR-648) demonstrated statistically significant associations with OS, suggesting

their potential prognostic value in GBM patients.

In the second part, the challenges associated with existing MGMT methylation analysis
methodologies were discussed, emphasizing the need for a balance between sensitivity,
specificity, and practicality, especially when dealing with limited DNA samples. EpiDirect®
was introduced as an innovative qPCR-based platform that eliminates the need for pre-
treatment steps, offering a simplified and streamlined approach to DNA methylation
analysis. The clinical validation revealed variations between methods, particularly in cases
with low methylation levels, underscoring the importance of careful interpretation and

validation, especially in such scenarios.
Conclusions and future perspectives

Our study, one of the first aimed to investigate multiple miRNAs in the same GBM cohort,
highlights the potential of miRNA expression as an alternative method for assessing
promoter methylation and regulating MGMT expression. If validated in larger GBM series,
miRNA expression could become a diagnostic tool for predicting the efficacy of

chemoradiation, offering more personalized therapeutic strategies.

EpiDirect®, an innovative quantitative PCR-based DNA methylation analysis platform, is a
breakthrough that streamlines the process by eliminating pre-treatment steps. Integrating
EpiDirect® into diagnostics could save time, streamline workflows, and facilitate
methylation analysis in resource-limited settings, promoting the adoption of advanced

molecular techniques.



RIASSUNTO

Introduzione

Il glioblastoma (GBM), tumore cerebrale maligno primitivo pit comune nell’adulto, ha una
prognosi infausta, con una sopravvivenza mediana di 12-15 mesi. La previsione
dell’efficacia dei trattamenti, in particolare della chemioterapia e della radioterapia, ¢

fondamentale nella presa a carico del paziente affetto da GBM.

La terapia con temozolomide (TMZ) ¢ efficace nei pazienti affetti da GBM con
ipermetilazione del promotore di MGMT, riscontrata in circa il 40% dei casi. Per tale
diagnosi molecolare, I’analisi della metilazione del DNA pud essere particolarmente
difficoltosa attraverso gli approcci standard delle analisi PCR, richiedendo 1’uso del
trattamento con bisolfito di sodio, un processo che richiede molto tempo e che puo

danneggiare il DNA.

Inoltre, sebbene la metilazione del promotore di MGMT sia un fattore prognostico cruciale,
tale variabile non ¢ completamente in grado di predire il comportamento della malattia. Dati
emergenti suggeriscono che [’espressione alterata dei miRNA pud contribuire al
silenziamento del gene MGMT, aggiungendo complessita alle dinamiche molecolari del

GBM.
Scopo della tesi

La tesi ¢ divisa in due sezioni. La prima esplora I’impatto di specifici miRNA su MGMT e
prognosi in pazienti affetti da GBM, con 1’obiettivo di valutare 1’associazione con la risposta
al trattamento con TMZ. La seconda sezione prende in esame EpiDirect®, una nuova
metodica sviluppata in collaborazione con un’azienda danese per I’analisi della metilazione
senza pretrattamento del DNA, confrontandola con test esistenti dipendenti dal bisolfito, per

valutarne sensibilita, specificita e utilita clinica.
Pazienti e metodi

Nella prima parte, I’espressione di MGMT, la metilazione del promotore e 1’espressione di
miRNA sono state analizzate in 112 GBM rispettivamente mediante analisi

immunoistochimica (IHC), PCR metilazione-specifica e real-time PCR.
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La seconda parte si ¢ concentrata sulla sperimentazione di EpiDirect®, una nuova piattaforma
di PCR quantitativa (QPCR). Essa utilizza I’interazione sinergica tra la metilazione della
citosina e la piattaforma analoga del DNA INA® per discriminare tra citosine metilate e non
metilate senza pretrattamento. Le prestazioni del test sono state confrontate con due metodi

bisolfito-dipendenti per la PCR metil-specifica utilizzando 42 campioni di tumori cerebrali.
Risultati

Nella prima sezione dello studio, la metilazione del promotore di MGMT ¢ stata osservata
nel 36,1% dei casi valutabili e I’espressione della proteina MGMT era assente nel 44,9% dei
casi. Le espressioni di miRNA degne di nota includevano una forte sovraespressione di miR-
21 e miR-196b e I’iporegolazione di miR-767.3. Le analisi statistiche hanno rivelato
associazioni significative tra la bassa espressione dei miRNA e la positivita della proteina
MGMT nei casi non metilati, nonché associazioni con la metilazione del promotore di
MGMT nei casi metilati. E stata osservata una migliore sopravvivenza globale (OS) nei casi
con espressione negativa della proteina MGMT, nei pazienti metilati e in quelli con
espressione di specifici miRNA. Inoltre, una maggior sopravvivenza libera da progressione

di malattia (PFS) era legata alla metilazione di MGMT e alla resezione tumorale completa.

Nella seconda parte, EpiDirect® ha dimostrato una sensibilita di 0,82 e una specificita di 0,84
rispetto al primo metodo di riferimento; rispetto al secondo metodo di riferimento, la
sensibilita ¢ stata di 0,75 e la specificita di 0,76. In particolare, EpiDirect® ha identificato 5
campioni metilati non individuati dai metodi di confronto. EpiDirect® ha fornito risultati in
meno di 2 ore, a differenza delle oltre 5 ore richieste dai metodi di confronto dopo

I’estrazione del DNA, sottolineando cosi la sua efficienza e velocita.
Discussione

Nella prima sezione, lo studio si ¢ concentrato su 7 miRNA e sul loro ruolo nella
modulazione di MGMT. Sono state riscontrate correlazioni significative tra la ridotta
espressione di 4 miRNA (miR-181c, miR-195, miR-648 e miR-767.3p) e I’espressione della
proteina MGMT, in linea con le ricerche precedenti che indicavano la loro iporegolazione
nei pazienti con scarsa risposta al trattamento con TMZ. Questi dati sottolineano le
potenzialita di tali miRNA nell’influenzare le risposte al trattamento del GBM e nel guidare
le strategie terapeutiche. Un altro dato fondamentale ¢ la conferma della correlazione tra

I’espressione dei miRNA, in particolare di miR-648, e la metilazione di MGMT,
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evidenziando la relazione tra I’espressione dei miRNA e lo stato epigenetico del gene

MGMT.

Per quanto riguarda la rilevanza clinica, lo studio ha ribadito le correlazioni positive tra il
miglioramento di OS e PFS e I’ipermetilazione del promotore di MGMT. Anche i pazienti
con IHC negativa hanno mostrato esiti clinici migliori. Inoltre, 4 miRNA (miR-21, miR-195,
miR-196b e miR-648) hanno dimostrato associazioni statisticamente significative con 1’OS,

suggerendone il potenziale valore prognostico nei pazienti con GBM.

Nella seconda parte sono state discusse le sfide associate alle attuali metodologie di analisi
della metilazione di MGMT, sottolineando la necessita di un equilibrio tra sensibilita,
specificita e praticita, soprattutto quando si ha a che fare con campioni di DNA limitati.
EpiDirect® rappresenta una piattaforma innovativa basata su qPCR che elimina la necessita
di fasi di pre-trattamento, offrendo un approccio semplificato e snello all’analisi della
metilazione del DNA. La validazione clinica ha rivelato variazioni tra i metodi, in particolare
nei casi con bassi livelli di metilazione, sottolincando 1’importanza di un’attenta

interpretazione e validazione dei dati, soprattutto in tali contesti.
Conclusioni e prospettive future

I1 nostro studio, uno dei primi a indagare pit miRNA nella stessa coorte di GBM, evidenzia
il potenziale dell’espressione dei miRNA come metodo alternativo per valutare la
metilazione del promotore e la regolazione dell’espressione di MGMT. Se convalidata in
serie piu ampie di GBM, I’espressione dei miRNA potrebbe diventare uno strumento
diagnostico per prevedere 1’efficacia della chemioradioterapia, offrendo strategie

terapeutiche maggiormente personalizzate.

EpiDirect®, un’innovativa piattaforma per I’analisi della metilazione del DNA basata su
PCR quantitativa, costituisce un’innovazione che semplifica tale processo eliminando le fasi
di pre-trattamento. L’integrazione di EpiDirect® nella pratica diagnostica potrebbe far
risparmiare tempo, snellire i flussi di lavoro e facilitare 1’analisi della metilazione in ambienti

con risorse limitate, promuovendo al contempo 1’adozione di tecniche molecolari avanzate.
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INTRODUCTION

1. GLIOBLASTOMA

1.1. Epidemiology

Around 85,000 individuals receive a diagnosis of a primary brain tumor in the United States
each year, with approximately 29% of them being classified as malignant [Schaff et al.,
2023]. Among adults, roughly 80% to 85% of malignant brain tumors are gliomas, which
have the characteristic of infiltrating the brain tissue extensively. In the fifth edition of the
World Health Organization’s (WHO) classification for Central Nervous System (CNS)
tumors, which serves as the global standard for categorizing brain and spinal cord tumors,
this category is referred to as “adult-type diffuse gliomas” [Louis et al., 2021]. In this group,
glioblastoma (GBM), the most prevalent malignant primary brain tumor in adults, is
responsible for the majority of fatalities among individuals with primary brain tumors. It
tends to occur more frequently after the age of 40 and reaches its peak incidence in
individuals aged 75 to 84 years [Wen et al., 2020]. Survival rates are negatively correlated
with age: only 5% of all individuals diagnosed with GBM manage to survive for five years,
and this percentage drops to 2% among patients aged 65 years or older [Ostrom et al., 2021].
Despite advancements in our comprehension of the biology underlying these tumors, we still

need substantial enhancements in treatments or patient outcomes.

Fewer than 5% of adults diagnosed with malignant brain tumors have a reported family
history of brain tumors or a predisposition syndrome for malignancy. Approximately 5% of
all gliomas are considered familial, and there are several rare Mendelian inherited syndromes
linked to adult glioma and GBM [Vijapura et al., 2017]. Interestingly, the occurrence of
germline variants appears to be higher than expected, with as many as 13% of glioma patients
carrying at least one harmful or likely harmful genetic alteration in their germline [Jonsson

etal., 2019].

Through genome-wide association studies focused on genetic risk factors, researchers have
confirmed the presence of 25 single nucleotide polymorphisms associated with an increased
risk of glioma, including 11 that are specific to GBM. While the precise biological
implications of these associations are still being investigated, this comprehensive genetic

approach has identified regions containing key glioma-related genes, such as telomerase
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reverse transcriptase (7ERT), RTEL 1, epidermal growth factor receptor (EGFR), and cyclin-
dependent kinase inhibitor 2B (CDKN2B) [Melin et al., 2017]. Notably, most of these
regions are associated with well-defined molecular subtypes of glioma [Labreche et al.,

2018].

Previous exposure to ionizing radiation targeted at the central nervous system, typically as
part of malignancy treatment, such as in the case of childhood leukemia, is a known risk
factor for brain tumors [Braganza et al., 2012]. However, there is no established link between
exposure to low-frequency electromagnetic fields and the development of brain tumors
[International Agency for Research on Cancer Working Group on the Evaluation of
Carcinogenic Risks to Humans; World Health Organization, 2023]. Additionally, there is a
lack of high-quality evidence to support an association between cellular telephone use and

the occurrence of brain tumors [Weed, 2022].

1.2. Molecular pathogenesis, genomics and characterization

The latest WHO classification has seen an expansion in the practice of genotyping for GBM
[Louis et al., 2021]. The increasing prevalence of molecular profiling and the application of
machine learning techniques have contributed to more precise prognostic assessments and
tailored treatment strategies. The identification of novel mutations within GBM opens up
opportunities for the development of new drugs targeting these mutations, while the
correlation of mutations within tumors with distinct clinical courses enhances our ability to

diagnose and predict disease severity.

In 2017, the establishment of cIMPACT-NOW (Consortium to Inform Molecular and
Practical Approaches to central nervous system (CNS) Tumor Taxonomy) was announced.
This consortium’s purpose is to assess and propose revisions to the WHO classification of
brain tumors, reflecting the evolving understanding of these tumors at the molecular level

and their practical implications in clinical practice [Louis et al., 2017].

The latest WHO criteria and nomenclature introduced in 2021 have further emphasized the

importance of molecular genetics in the diagnosis of GBM:

a. Astrocytoma, /IDH-mutant: previously, /DH-mutant tumors could be classified as

diffuse astrocytoma, anaplastic astrocytoma, or GBM. However, the latest
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classification now groups them together as a single type of /DH-mutant astrocytoma,
graded 2, 3, or 4.

b. Grading criteria: grading of /DH-mutant diffuse astrocytic tumors is no longer solely
based on histology. It also considers the presence of the CDKN2A4/B homozygous
deletion mutation. This mutation leads to a CNS WHO grade of 4, even if
microvascular proliferation or necrosis is absent.

c. GBM, IDH-wildtype: the classification recognizes specific molecular markers for
this tumor, included the presence of a TERT promoter mutation, EGFR gene
amplification, and combined gain of the entire chromosome 7 and loss of the entire
chromosome 10 (+7/—10). If any of these markers are present in an /DH-wildtype
diffuse and astrocytic glioma in adults, the diagnosis should be GBM, /DH-wildtype.

d. Pediatric patients: the diagnostic criteria for /DH-wildtype diffuse astrocytomas
differ, and different types of pediatric-type gliomas are used for diagnosis [Louis et

al., 2021].

IDH-wildtype GBMs are characterized by the absence of mutations in /DH/ codon 132 and
IDH? codon 172. They also do not carry mutations in H3 p.K28X (previously known as
p-K27X) or H3 p.G35X (previously known as p.G34X) [Leske et al., 2021]. In patients aged
55 years or older at the time of diagnosis, who have a histologically classic GBM not located
in midline structures and no history of a pre-existing lower-grade glioma, the absence of
immunoreactivity for IDHI p.R132H is sufficient for the diagnosis of IDH-wildtype GBM
[Louis et al., 2016]. Further DNA sequencing is not necessary in this case because the
probability of non-canonical /DH mutations is very low, less than 1%, in GBMs from

patients aged 55 years or older [Chen et al., 2014].

However, in patients aged less than 55 years, or in those with a history of lower-grade glioma
and/or tumors that show immunohistochemical loss of nuclear ATRX expression, negative
IDH1 p.R132H immunostaining should be followed by DNA sequencing to check for less
common /DH1 or IDH2 mutations. If no /DH mutations are detected by sequencing, these

tumors are classified as GBM, IDH-wildtype [Capper et al., 2018a].

Tumors located in midline structures should also be evaluated for H3 p.K28M (previously
known as K27M) mutation to exclude the possibility of diffuse midline glioma, H3 p.K27X—
altered. In hemispheric tumors, especially in younger patients, it is important to rule out H3

p.G34X—mutant diffuse hemispheric gliomas through immunohistochemistry for H3.3
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p.G35R (previously known as p.G34R) or H3.3 p.G35V (previously known as p.G34V)
mutation or by sequencing of H3-34 (H3F3A) [Leske et al., 2021]. This comprehensive
approach ensures an accurate diagnosis and appropriate classification of GBMs based on the

presence or absence of specific genetic mutations.
Frequent and diagnostically relevant molecular alterations in /DH-wildtype GBMs include:

a. TERT promoter mutations are commonly found in /DH-wildtype glioblastomas.
These mutations are associated with increased telomerase activity and are important

for tumor cell immortalization.

b. Amplification of the EGFR is a hallmark genetic alteration in GBMs. It leads to

overexpression of EGFR, which plays a crucial role in tumor growth and progression.

c. The +7/-10 genotype refers to alterations involving chromosomes 7 and 10, typically
involving gains of genetic material on chromosome 7 and losses on chromosome 10.
These genetic changes are frequently observed in /DH-wildtype GBMs and

contribute to their aggressive nature [Stichel et al., 2018].

The presence of at least one of these molecular aberrations in an /DH- and H3-wildtype
diffuse glioma is sufficient for the diagnosis of IDH-wildtype GBM, even in the absence of

microvascular proliferation and/or necrosis [Louis et al., 2020].

In addition to these genetic alterations, DNA methylation profiling has emerged as a valuable
tool for diagnosing and stratifying GBMs. A significant calibrated score for the DNA
methylation profile of /DH-wildtype GBM is sufficient for diagnosis. DNA methylation
profiles can further classify GBMs into molecular subgroups, with the RTK1, RTK2/classic,
and mesenchymal subgroups being the most common in adult patients [Capper et al., 2018b].
While the clinical relevance of methylation-based subgroups in adult patients is somewhat
limited, high-grade gliomas in children and adolescents may exhibit less common DNA
methylation profiles that are associated with significantly longer survival [Korshunov et al.,

2017].

Overall, DNA methylation profiling can assist in diagnosing challenging cases and
differentiating GBM from histologically similar entities, enhancing our understanding of the

molecular diversity within this aggressive brain tumor [Capper et al., 2018a].
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Molecular profiling has allowed researchers to identify common genetic mutations and core
pathways shared among sporadic glioblastomas. Through analysis of gene expression and
DNA methylation, leading to the identification of three primary GBM subgroups. Each

subgroup is characterized by specific genetic alterations.

a. Proneural Group is marked by proneural gene expression patterns and receptor
tyrosine kinase (R7K) I/LGm6 DNA methylation profiles. It is often associated with
amplifications of genes like cyclin-dependent kinase 4 (CDK4) and platelet-derived
growth factor alpha (PDGFRA). This subgroup is more common among relatively

younger adults.

b. Classical Group exhibits classical gene expression patterns and classic-like RTK I1
DNA methylation profiles. It is characterized by a high frequency of EGFR
amplifications and the loss of CDKN2A4/B genes.

c. Mesenchymal Group (mesenchymal/mesenchymal-like subtype) is enriched for
tumors with neurofibromatosis type 1 (NF1) loss and increased tumor infiltration by

macrophages [Wang et al., 2017].

These three distinct subgroups, along with mixed entities that exhibit characteristics from
more than one subgroup, account for the majority of GBM. All of these subgroups are
associated with mutations in the 7ERT promoter. While molecular classification has
provided valuable insights and a framework for research, its clinical utility in GBM
treatment remains uncertain. None of the GBM subtypes can reliably predict responses to
current therapies. Additionally, assigning a specific subtype can be challenging in some
cases, as tumors may exhibit multiple subtypes simultaneously, and subtypes may change

over the course of the disease [Capper et al., 2018a].

Currently, the only predictive biomarker for treatment response to TMZ is the presence of
MGMT-mediated DNA repair silencing. This silencing typically occurs due to MGMT
promoter methylation and the loss of the second allele of chromosome 10 [Stupp et al., 2009;
Reifenberger et al., 2014].

MGMT promoter methylation status is routinely assessed in /DH-wildtype GBMs because it
provides valuable clinical information regarding the response to chemotherapy and patient
survival [Weller et al., 2009]. Specifically, it helps predict how patients will respond to
treatment with drugs like TMZ or TMZ plus lomustine (CCNU) [Hegi et al., 2005; Taal e

17



al., 2014; Weller et al., 2015]. In elderly patients, MGMT promoter methylation status can
guide treatment decisions, helping determine whether chemotherapy or radiotherapy is the

more appropriate course of action [Wick et al., 2012; Malmstrom et al., 2012].

Gene expression patterns have been extensively studied in gliomas and can be used to
distinguish different types of brain tumors, such as GBM from pilocytic astrocytoma, other
malignant astrocytomas, and oligodendroglioma. Additionally, gene expression patterns can
help differentiate /DH-mutant gliomas from IDH-wildtype gliomas, regardless of grade and
histology [Tandel et al., 2019].

Despite the wealth of information provided by gene expression profiles, they have not yet
gained clear significance in routine clinical diagnostics for GBM. While they offer valuable
insights into tumor biology and heterogeneity, their translation into routine clinical practice
has been limited, and more research is needed to establish their clinical utility in guiding

treatment decisions and predicting patient outcomes.

While the clinical utility of these glioblastoma subtypes is still being investigated, using the
classifier to confirm a glioblastoma diagnosis can be beneficial in selected cases, especially
in situations with unusual histopathology or when patients have experienced long-term

survival, which may raise diagnostic uncertainties [Louis et al., 2017].

On the other hand, the presence of mutations in /DH1/2 in adult diffuse gliomas is associated
with extended patient survival. A quick and cost-effective initial screening method for IDH
mutation is mutation-specific immunohistochemistry for the most common variant, IDH1
p-R132H, which accounts for well over 90% of all /DH mutations in GBM. If this
immunohistochemistry test is positive, it confirms the presence of an /DH mutation [Louis

et al., 2021].

In cases where the initial immunohistochemistry is negative (i.e., “antibody-negative”
GBM), further testing, such as targeted sequencing, may be considered. However, the
decision to perform additional testing depends on various factors, including the patient’s age.
IDH mutations, especially non-canonical ones, are exceptionally rare in older patients (more
than 55 years). Additionally, GBMs that contain microthrombi and/or clear
pseudopalisading necrosis upon initial diagnosis are very unlikely to have an /DH mutation

[DeWitt et al., 2017].
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Genomic profiling has significantly enhanced our comprehension of the molecular
mechanisms underlying GBM and has uncovered potential avenues for developing targeted
therapies tailored to specific groups of patients. Despite this progress, the overall treatment

outcomes for individuals with GBM have not seen substantial improvements.

1.3. Clinical presentation

Headache is a common symptom, affecting nearly 50% of individuals newly diagnosed with
a brain tumor [Schaff et al., 2023]. In cases of rapidly growing tumors, patients may

experience increased intracranial pressure, leading to nausea, vomiting, and fatigue.

Depending on the tumor’s location, patients may develop focal neurological deficits. Frontal
tumors, in particular, can lead to personality changes and mood disorders, which are
sometimes mistaken for psychogenic disorders or natural age-related changes, potentially

delaying diagnosis.

Sensorimotor deficits are the initial symptom in approximately 20% of all GBM patients,
while about 5% of patients present with aphasia, primarily when tumors arise in the speech-
dominant hemisphere (typically the left side). Epilepsy can also mimic aphasia or
sensorimotor deficits due to tissue damage post-seizure, and it is more common in GBMs
affecting the temporal lobe. Epilepsy can either be a presenting symptom (in 24-68% of
cases) or develop later in the disease course (in 19-38%). When epilepsy is a presenting
symptom, it tends to be associated with longer survival, possibly because it is linked to
younger age, cortical location, smaller tumor size (indicating better surgical options), and

earlier diagnosis.

Interestingly, headaches are the initial symptom in less than one-third of all GBM patients.
These headaches are usually dull in nature and tend to occur at night or upon waking. Other
signs of increased intracranial pressure, such as nausea, vomiting, dizziness, fatigue, and
cognitive impairment, tend to appear more as the disease progresses but can also be present

at the time of diagnosis [Wirsching et al., 2016].
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1.4. Diagnosis and imaging

The diagnostic tool of choice for GBM is a contrast-enhanced magnetic resonance imaging
(MRI) scan. These tumors typically appear as an enhancing, necrotic-looking mass
surrounded by non-enhancing signal abnormalities that consist of edema and infiltrative
tumor. Hemorrhage, cystic changes, or multicentric enhancement are also frequently
observed. When combined with the patient’s clinical history, radiologists can often
confidently diagnose GBM based on these MRI findings. However, challenges can arise
because other intra-axial neoplasms, such as metastases, some lower-grade gliomas, and
occasionally lymphomas, may exhibit similar imaging characteristics. Non-neoplastic
neurological conditions like abscesses or demyelinating lesions can also appear similar on

MRI [Ly et al., 2020].

MRI is invaluable for providing detailed anatomical information about the tumor and its
relationship with adjacent brain structures, which is essential for surgical planning. When
tumors are close to critical brain regions, functional MRI can assist in planning the optimal
surgical approach to achieve maximal safe resection of the enhancing tumor, with the goal

of improving patient survival [Ellingson et al., 2015].

For consistency and reliability, a standardized brain tumor imaging protocol is recommended
for clinical trials and ideally should be incorporated into routine clinical imaging for GBM
patients. Advanced MRI techniques are becoming increasingly available to evaluate the
physiological and metabolic properties of GBM. Perfusion-weighted imaging, such as
dynamic susceptibility contrast (DSC) MRI, measures cerebral blood volume (CBV), which
correlates with microvessel density and area. Since increased microvascular proliferation
due to tumor-induced angiogenesis is a characteristic of GBM, CBV can help differentiate
glioblastoma from other tumor types or histological grades. DSC-MRI may also aid in
distinguishing pseudoprogression, a response to radiotherapy and immunotherapies, from
true progression, although both false-negative and false-positive results can occur

[Gharzeddine et al., 2019].

The apparent diffusion coefficient (ADC), derived from diffusion-weighted MRI, inversely
correlates with tumor cell density. ADC values for GBMs are higher than those for lower-
grade gliomas but lower than those for lymphoma. Magnetic resonance spectroscopy (MRS)

can detect changes in metabolite concentrations within the tumor. GBMs typically exhibit
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significantly elevated choline levels due to increased cell proliferation and reduced N-acetyl
aspartate due to neuronal loss. However, these changes are sensitive but not specific for
GBM, as they can also be observed in other neoplastic or inflammatory conditions [Oz et

al., 2014].

Positron emission tomography (PET) can provide additional insights into GBM biology, aid
in differential diagnosis, delineate the extent of the tumor for surgical and radiotherapy
planning, and monitor post-treatment changes (distinguishing progression from
pseudoprogression). Amino acids are preferred PET tracers (such as 11C-MET, 18F-FET,
18F-FDOPA) due to their higher specificity and lower signal-to-noise ratio compared to
glucose (18F-FDG) [Law et al., 2019].

1.5. Histopathology and immunophenotype

GBMs are frequently large upon initial diagnosis and have the capacity to occupy a
substantial portion of a brain lobe. They typically manifest as unilateral growths, but they
can extend across the corpus callosum and affect both hemispheres, forming a characteristic
“butterfly lesion”. Most often, hemispheric GBMs are primarily situated within the brain
tissue (intraparenchymal) and are centered in the white matter. On rare occasions, they can
be superficial, coming into contact with the protective membranes (leptomeninges) and the
outermost layer (dura) of the brain, occasionally resembling metastatic growths or
meningiomas. The infiltration into the cortical region may lead to the thickening of the

overlying tan cortex, which sits atop a necrotic area within the white matter.

GBMs lack well-defined boundaries; when observed on a cut surface, their appearance
varies. They often display a peripheral region with shades of greyish to pink masses
surrounding central areas characterized by yellowish necrosis. In certain regions, necrotic
tissue may abut adjacent brain structures directly, without a noticeable intermediate zone of
macroscopically detectable tumor tissue. The central necrotic region can occupy a significant
portion, sometimes as much as 80%, of the total tumor mass. GBMs frequently exhibit
scattered red and brown areas representing recent and older hemorrhages. Extensive
hemorrhages can occur, giving rise to stroke-like symptoms, occasionally serving as the

initial indicators of the tumor. When macroscopic cysts are present, they contain a cloudy
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fluid comprising liquefied necrotic tumor tissue. These cysts differ from the well-defined

cysts found in lower-grade diffuse astrocytomas.

Microscopically, GBM is typically characterized as a diffusely infiltrating glioma with a
high cell density. It primarily consists of astrocytic tumor cells that are often poorly
differentiated, displaying nuclear abnormalities and significant pleomorphism. Most cases
exhibit readily identifiable mitotic activity, often at a brisk pace. Two distinctive diagnostic
features of GBM are microvascular proliferation and necrosis, sometimes accompanied by
perinecrotic palisading. In the case of an /DH- and H3-wildtype diffuse glioma, the presence
of either microvascular proliferation or necrosis is sufficient for a glioblastoma diagnosis.
When examining specimens from patients who have undergone treatment, it becomes
essential to differentiate between therapy-induced necrosis, particularly radionecrosis, and

the inherent tumor necrosis.

The outdated term “GBM multiforme” highlights the histopathological variability of this
tumor. Some lesions display a high degree of variation in cell shape and size, with numerous
multinucleated giant cells. Others are highly cellular but relatively uniform in appearance.
While the astrocytic nature of the neoplasms can be easily identified in some tumors, it may

be challenging to recognize in poorly differentiated lesions.

The distribution of histological features within a GBM can vary, but typically, large necrotic
regions are centrally located within the tumor, while viable tumor cells are more commonly
found in the outer edges. The region of high cellularity and abnormal blood vessels that
encircles the tumor, known as the contrast-enhancing ring, is often the target for biopsy due
to its radiological visibility. Microvascular proliferation is a common feature throughout the
tumor but is usually most pronounced around areas of necrosis and in the peripheral

infiltrative zone.

GBMs exhibit a remarkable degree of morphological diversity, with poorly differentiated
cells that may appear fusiform, round, or pleomorphic. However, better-differentiated
neoplastic astrocytes can often be identified, at least in some areas. The transition between
regions with recognizable astrocytic differentiation and highly anaplastic (small, round, and
primitive-looking) cells can occur gradually or suddenly. In gemistocytic lesions, anaplastic
tumor cells may be interspersed throughout the tumor, mixed with differentiated

gemistocytes. An abrupt change in morphology may indicate the emergence of a distinct
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tumor clone, possibly due to subclonal molecular diversification during the evolution of the

tumor.

Cellular pleomorphism in GBMs encompasses various cell formations, including small,
undifferentiated, spindled, lipidized, granular, epithelioid, and/or giant cells. In certain
tumors, these patterns can become dominant, such as in regions with bipolar, fusiform cells
arranged in intersecting bundles and fascicles, resembling a spindle cell sarcoma. The
accumulation of epithelioid tumor cells characterized by well-defined plasma membranes
and the absence of cell processes, as seen in epithelioid GBMs, can resemble metastatic

carcinoma or melanoma [Louis et al., 2021].

Additionally, some GBMs exhibit well-recognized patterns that are characterized by a

predominance of a particular cell type. These subtypes include:

a. Giant cell GBM, distinguished by the presence of numerous giant cells within the

tumor.

b. Gliosarcoma, which contains both gliomatous and sarcomatous components, often

showing spindle cell features.

c. Epithelioid GBM, with an accumulation of epithelioid tumor cells with distinctive

features, resembling epithelial cells.

d. Small Cell GBM, which is characterized by the prevalence of small, densely packed

tumor cells.

e. GBM with a primitive neuronal component, with elements reminiscent of primitive

neuronal cells.
f. Granular cell GBM, identified by the presence of granular cells within the tumor.

These distinctive patterns and cell types contribute to the histological diversity observed in

GBMs.

By definition, /DH-wildtype GBMs do not exhibit immunostaining for IDH1 p.R132H and
do not show positivity with mutation-specific antibodies against H3 p.K28M, H3.3 p.G35R,
or H3.3 p.G35V. The nuclear immunostaining for ATRX is usually retained in the majority

of these tumors, while widespread nuclear positivity for p53 is observed in approximately
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25-30% of cases. Nuclear p53 positivity is notably more frequent in the giant cell GBM
subtype.

GBMs often express the glial fibrillary acidic protein (GFAP), but the degree of reactivity
can vary significantly among cases. For instance, gemistocytic areas within the tumors are
frequently strongly positive for GFAP, while primitive cellular components often lack GFAP

expression. Expression of S100 protein is also common in GBMs.

OLIG2 is a highly specific marker for gliomas and can be diagnostically useful. It is more
commonly strongly positive in astrocytomas and oligodendrogliomas than in ependymomas

and non-glial tumors.

Cytokeratin positivity may primarily indicate cross-reactivity with GFAP. Immunostaining
with the keratin antibody cocktail AE1/AE3 is often positive, particularly in contrast to most
other keratins. However, GBMs with epithelial metaplasia may express epithelial markers,

including cytokeratins, in the epithelial component.

In gliosarcomas, the sarcomatous components typically do not express glial markers but are
positive for vimentin. In rare cases, they may express markers indicating differentiation

along myogenic or other mesenchymal lineages.

Stem cell biomarkers such as CD133, CD44, SOX2, OCT4, and nestin may be present in
GBMs but have limited diagnostic significance. Notably, intratumoral heterogeneity for
immunohistochemical positivity is common in GBMs, with differential expression of
markers like nestin, MAP2, and GFAP within different regions of the same tumor.
Expression of EGFR is frequent in /DH-wildtype GBMs, especially in tumors with EGFR
amplification [Louis et al., 2021].

1.6. Further molecular characterization

The genetic landscape of IDH-wildtype GBMs is complex, and various molecular alterations
are associated with specific histological or morphological subtypes. Here are some key

genetic findings related to different subtypes and patterns of /IDH-wildtype GBMs:

a. BRAF p.V600E mutation is relatively rare in /DH-wildtype GBMs but is detectable
in up to 50% of GBMs with epithelioid histology. It is found in a high percentage
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(79%) of pleomorphic xanthoastrocytoma—like tumors, 35% of adult-type IDH-
wildtype GBMs, but not in pediatric RTK1 tumors [Korshunov et al., 2018].

b. TP53 mutations are detectable in approximately 25% of all /DH-wildtype GBMs.
However, they are found in more than 80% of giant cell GBMs, which less

commonly carry EGFR amplification and 7ERT promoter mutations.

c. EGFR amplification appears to be frequent in small cell GBMs, which represent a
distinct histological subtype within GBMs. EGFR is an important driver of cell

growth and division in these tumors.

d. MYC or MYCN amplification has been linked to primitive neuronal components
within GBMs. These amplifications are associated with the presence of primitive

neuronal features.

e. Gliosarcomas, a rare subtype of GBM, typically do not demonstrate EGFR
amplification or other distinguishing genetic alterations. Their genetic profile may

be more similar to conventional GBMs [Oh et al., 2016].

It is important to note that none of these genetic alterations is specific or sufficient for
defining the respective morphological subtypes or patterns of GBMs. The molecular
characterization of these tumors is complex, and multiple genetic changes can occur within

individual GBMs.

Following the initial treatment, which typically involves surgical resection, radiation
therapy, and chemotherapy, distinct subgroups of tumor cells may emerge, exhibiting unique
characteristics. For instance, approximately 10% of recurrent GBMs, occurring after
treatment with temozolomide (TMZ), exhibit a significantly higher mutation rate [Korber et

al., 2019].

This phenomenon of DNA “hypermutation” is often linked to underlying genetic
deficiencies in DNA mismatch repair (MMR) genes. Furthermore, hypermutation can
develop as a result of exposure to DNA alkylating agents, particularly in gliomas that have
0O6-methylguanine-DNA methyltransferase (MGMT) methylation, including those with
isocitrate dehydrogenase (/DH) mutations [Touat et al., 2020].

When comparing tumor samples obtained at the time of diagnosis with those from

recurrence, it is observed that roughly 80% of mutations and copy-number variations remain
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consistent between the primary and recurrent tumors. Mutations in genes such as PIK3CA,
TERT, and EGFR amplification that are found in the primary tumor typically persist in the
recurrent tumor. In contrast, genetic events like amplifications of PDGFRA, mutations in
EGFR, and the presence of the EGFR variant III (EGFRvIII) rearrangement are more likely
to be lost. The most common genetic changes acquired in recurrent tumors include mutations

in TP53, EGFR, and phosphatase and tensin homolog (PTEN) [Barthel et al., 2019].

Emerging sequencing technologies provide a deeper insight into intratumoral heterogeneity
and the evolution of GBMs. Single-cell transcriptomics have revealed that glioblastomas are
composed of cells representing each of the three gene expression subtypes, rather than fitting
neatly into a single category. This supports earlier findings from bulk gene expression

profiling of multiple tumor sectors.

Single-cell DNA profiling has confirmed previous observations made through fluorescent in
situ hybridization (FISH), demonstrating that many GBMs consist of mixtures of subclones,
each characterized by the amplification of a different RTK, such as EGFR, PDGFRA or MET
[Wen et al., 2020].

Moreover, sequencing the circulating tumor DNA (ctDNA) present in cerebrospinal fluid
(CSF) can provide a genetically accurate snapshot of the glioma genome in up to 50% of
patients. This advancement may potentially eliminate the need for repeat tumor biopsies in
certain cases. With ongoing technological advancements, it may also become feasible to

evaluate plasma ctDNA in the future [Miller et al., 2019].

Furthermore, ongoing research is exploring novel predictive biomarkers for molecularly
targeted therapies in subsets of GBM patients. These potential biomarkers include a high
tumor mutation burden, BRAF p.V600E mutation, NTRK or FGFR gene family fusions, and
MET amplification or fusions. These markers hold promise for tailoring therapeutic

approaches in specific GBM subgroups and improving treatment outcomes.

2. TREATMENT OF GLIOBLASTOMA

Current treatment methods for GBM involve a combination of surgical procedures,

radiotherapy, and chemotherapy. Notably, the addition of TMZ, an alkylating chemotherapy

26



agent, to the treatment regimen has represented a significant advancement. Additionally, the
identification of specific gene mutations within tumor cells has become highly valuable for

predicting outcomes and guiding targeted therapies.

However, it is important to note that GBM remains an incurable malignancy. It is the most
aggressive form among diffuse gliomas of the astrocyte lineage, and in the majority of cases,
patients face a median survival of less than 15 months. The primary goal of medical
management is to diagnose the tumor through biopsy, extend and enhance the patient’s

quality of life.

Treatment typically involves a multimodal approach. Symptomatic treatment is crucial for
addressing symptoms caused by local pressure damage to brain centers, which can include

epilepsy, neurological deficits, hydrocephalus, and increased intracranial pressure.

Surgical intervention remains a central component of patient care and management.
However, due to the difficulty of distinguishing tumor cells from healthy surrounding tissue
and the phenomenon of tumor shedding, local recurrence can still occur despite achieving

complete macroscopic resection of the tumor.

Surgical removal of all contrast-enhancing tumor tissue, known as gross total resection
(GTR), has been associated with improved progression-free survival and overall survival in
the treatment of GBM. One technique that has proven beneficial in aiding surgeons in
achieving GTR is the use of 5-aminolevulinic acid (5-ALA), an optical imaging agent. 5-
ALA helps in the visualization of malignant tissue during surgery, enhancing the ability of
surgeons to distinguish tumor tissue from healthy one. This improved visualization has led
to higher rates of GTR and has been linked to improved outcomes, including a better 6-

month progression-free survival (PFS) rate [Molinaro et al., 2020].

The challenge of achieving clear surgical margins in GBM surgery is attributed to the
presumed spread of tumor cells along neuronal fibers (neuropils) without noticeable
macroscopic changes. This makes it difficult for surgeons to achieve microscopic
resectability and completely cure the patient through surgery alone. Extensive resection is
limited by the potential damage it can cause to critical nerve centers and pathways, which
can significantly diminish the patient's quality of life and overall well-being [Hottinger et

al., 2014; Kirstein et al., 2020].
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Currently, the standard of care following surgical resection is fractionated adjuvant
radiotherapy. This involves administering radiation therapy in fractions over a specified

period. It is a crucial part of the treatment regimen.

Another important aspect of GBM treatment is chemotherapy. In 2005, a study led by Stupp
et al. demonstrated the greater efficacy of combined treatment involving fractionated
radiotherapy (administered in daily fractions of 2 Gy over 5 days per week for 6 weeks,
totaling 60 Gy) along with concurrent TMZ administration (at a daily dose of 75 mg per
square meter of body surface area, taken every day from the start to the end of radiotherapy).
This was followed by six cycles of adjuvant TMZ (administered at a dose of 150 to 200 mg

per square meter for 5 days during each 28-day cycle) compared to radiotherapy alone.

This combined approach demonstrated improved outcomes compared to radiotherapy alone,

highlighting the importance of chemotherapy as a part of GBM treatment.

In the mentioned study, the effectiveness of TMZ was found to be greater when the MGMT
promoter in GBM cells was methylated. Subsequent adjuvant chemotherapy with TMZ
combined with radiotherapy (TMZ/RT — TMZ) significantly improved median survival, as
well as 2- and 5-year survival rates. This approach is currently the standard of care for GBM
patients who are under 70 years of age or even over 70 years old if they are in good physical
condition. TMZ is typically administered daily during radiotherapy and then for 5 days every
4 weeks for six cycles as maintenance (adjuvant) therapy following the completion of
radiotherapy. The methylation status of the MGMT gene promoter is a strong predictive
marker, and patients with this mutation appear to derive the greatest benefit from

chemotherapy.

However, it is worth noting that in rare cases, TMZ may lead to the development of
myelodysplastic syndrome, acute myeloid leukemia, or even acute lymphoblastic leukemia.
This risk underscores the importance of closely monitoring patients undergoing this

treatment [Stupp et al., 2017].

Recurrence of GBM is unfortunately inevitable, typically occurring with a median PFS of
approximately 7 months. To address this challenge, many patients undergo a second tumor
resection, followed by additional chemotherapy with agents like nitrosoureas or TMZ. In the

United States, bevacizumab is often used to manage symptoms caused by vasogenic oedema.
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Despite ongoing research and development, many new drugs have not demonstrated efficacy
in late-stage clinical trials, highlighting the difficulties in early clinical drug development
for GBM. Unlike some other intracranial tumors that respond to small molecule inhibitors
targeting oncogenic signaling pathways, such as everolimus, selumetinib, vemurafenib,
ibrutinib, or belzutifan, GBMs have largely remained unresponsive to molecularly targeted

therapy.

Immunotherapies like antibodies targeting the immune checkpoint inhibitor programmed
death protein -1 (PD-1), such as pembrolizumab or nivolumab, have also not shown
significant improvement in overall survival in phase 3 trials, despite their ability to modify

the tumor microenvironment [Schaff et al., 2023].

Current research efforts are exploring alternative approaches, such as generating antitumor
immunity through intratumoral injection of genetically engineered viruses like herpes
simplex virus type 1, adenovirus, or poliovirus. These novel therapies aim to harness the
immune system’s potential to combat GBM, representing a promising avenue for future

treatments.

Currently, there is no screening tool or test available to detect GBM before the onset of
clinical symptoms. The gold standard for imaging studies to visualize GBM is MRI, which

is crucial for diagnosis and treatment planning.

In summary, while advances have been made in the treatment of GBM, it remains a
formidable challenge, and efforts are focused on prolonging patient survival and improving

their quality of life.

3. MGMT GENE: ROLE, METHYLATION AND ANALYSIS IN GBM

MGMT gene is located on chromosome 10926 and encodes a protein responsible for DNA
repair. It plays a crucial role in removing alkyl groups from the O6 position of guanine,
which is a critical site for DNA alkylation. MGMT function includes preventing the cross-
linking of double-stranded DNA caused by alkylating agents. The expression levels of
MGMT in gliomas can influence how patients respond to alkylating agents. The regulation

of MGMT expression is primarily controlled by promoter methylation, an epigenetic
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modification of the DNA, which leads to epigenetic silencing of the MGMT gene. Up to 45%
of glioma patients exhibit MGMT promoter methylation [Hegi et al., 2005].

MGMT promoter methylation has significant clinical implications, particularly for GBM
patients. Those with methylated MGMT tend to benefit from treatment with TMZ, while
patients without methylation do not experience the same benefits. This phenomenon is
consistent across different age groups. Additionally, the double inactivation of MGMT
through promoter methylation and loss of chromosome 10q results in increased sensitivity
to TMZ compared to either promoter methylation or 10q loss alone. The combination of IDH
mutations and MGMT promoter methylation is associated with the most favorable response

rates to TMZ and radiotherapy [Malmstrom et al., 2012].

However, some studies [Vuong et al 2020] have suggested that not all GBM patients with
MGMT promoter methylation may benefit from TMZ therapy. They propose that only GBM
patients who also have TERT mutations in addition to MGMT methylation may exhibit
sensitivity to TMZ.

Furthermore, MGMT not only serves as a positive predictive factor for TMZ therapy but also
functions as a positive prognostic marker. Several studies have reported that MGMT
methylation predicts longer overall survival (OS) in GBM patients. Patients with both IDH/
mutations and MGMT methylation tend to have longer survival times than those with only
an /DH mutation. PFS is also extended in patients with MGMT promoter methylation who
receive TMZ [Mansouri et al., 2019; Radke et al., 2019].

Additionally, some research [Shah et al, 2011] has indicated that methylation at different
sites within the MGMT promoter may have varying effects on PFS, highlighting the

complexity of MGMT role in glioma prognosis and treatment response.

DNA methylation, particularly the methylation of cytosine, involves the addition of a methyl
group to the fifth carbon of cytosine, resulting in the formation of 5-methylcytosine (5mC).
Analyzing DNA methylation is a complex task due to several challenges associated with its

detection.

One of the primary challenges is that DNA methylation cannot be directly analyzed using
standard PCR techniques because methylation patterns are not preserved during the

amplification process. To address this issue, the most commonly used methods for
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methylation analysis involve a chemical conversion step called sodium bisulfite treatment

before PCR, characterised by:

a. Conversion of unmethylated cytosines (C) into uracils (U), while SmC remains
unchanged. This conversion introduces a sequence difference between unmethylated

and methylated DNA at the cytosine positions.

b. After bisulfite treatment, the modified DNA can be subjected to various analytical
techniques to distinguish methylated from unmethylated cytosines. Two commonly

used methods are:

o Methyl-specific PCR (MSP) uses primers designed to specifically amplify
either methylated or unmethylated DNA, allowing for the differentiation of
methylation status [Herman et al., 1996].

o Pyrosequencing is a quantitative method that can provide detailed
information about the degree of methylation at specific cytosine sites [Colella

et al., 2003].

It is important to note that different bisulfite conversion kits from various manufacturers may
exhibit variations in recovery, conversion efficiency, and conversion specificity. These
differences can potentially affect the precision and accuracy of methylation analysis, making
it essential to choose appropriate kits and controls for research or clinical applications [Kint

et al., 2018].

Lastly, because bisulfite treatment can be harsh on DNA and may introduce artifacts, efforts
have been made to develop bisulfite-free methods for DNA methylation analysis. These
alternative methods aim to provide more reliable and less damaging approaches for studying

DNA methylation patterns.

Bisulfite-free methods for DNA methylation analysis are valuable alternatives to bisulfite-
based approaches, as they can be less damaging to DNA and offer different advantages and
limitations. One commonly used bisulfite-free method involves enzymatic digestion by
methylation-sensitive restriction enzymes (MSREs) followed by methyl-specific multiplex
ligation-dependent probe amplification (MS-MLPA). Here are some key points about this

method and a newer technique called TET-assisted pyridine borane sequencing (TAPS):

a. MSRE followed by MS-MLPA:
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o Enzymatic digestion: MSREs are used to selectively cleave DNA at sites that
are sensitive to methylation status. These enzymes recognize specific DNA

sequences and cleave them only if they are unmethylated.

o MS-MLPA: after enzymatic digestion, the resulting DNA fragments can be
analyzed using MS-MLPA, a method that combines multiplex ligation-
dependent probe amplification with methylation-specific probes. This allows

for the quantification of methylation levels at specific loci.

o Advantages: this approach is less harsh on DNA compared to bisulfite
treatment and can provide valuable methylation information. However, it is
limited to regions containing the recognition sites for the MSREs [Nygren et

al., 2005].
b. TAPS:

o TAPS leverages the action of the enzyme TET (ten-eleven translocation) to
oxidize 5SmC to 5-hydroxymethylcytosine (ShmC) and further to unmodified
cytosine. Then, pyridine borane treatment converts ShmC to uracil (T) while
leaving unmodified cytosine unchanged. Sequencing can then identify the
presence of T (indicating SmC or 5hmC) or C (indicating unmodified

cytosine) at specific sites.

o Advantages and limitations: TAPS provides high-resolution methylation
information at the base level but can be time-consuming and involves

multiple steps, making it labor-intensive [Liu et al., 2019].

Each of these bisulfite-free methods has its own strengths and weaknesses, and the choice
between them depends on the specific research goals and constraints of a given study.
Researchers often select the method that best suits their needs in terms of precision,

efficiency, and coverage of target regions.
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4. miRNA

microRNAs (miRNAs) are small non-coding RNA molecules consisting of 19-22
nucleotides first described in Caenorhabditis elegans in 1993. Lee et al. discovered them
and they proposed the existence of a class of regulatory genes producing small antisense

RNAs influencing gene expression later to be known as microRNAs.

In 2001, the word microRNA was first introduced by Lagos-Quintana et al. who could show
that many miRNAs are expressed in several species and are highly conserved. The main role
of miRNAs is post-transcriptional regulation by sequence-specific repression of mRNAs. To
date, more than 2000 miRNAs have been discovered in the human genome, which each
regulates hundreds of targets including genetic pathways, indicating their role in gene

regulation, disease development and also tumorigenesis.

Dysregulation of miRNAs due to gene deletions, amplifications and translocations or defects
in the miRNA biogenesis machinery seem to be the mechanisms contributing to the

malignant cell types eventually leading to malignancy.

In 2002, Calin et al. were the first to discover an association between miRNA dysregulation
and malignancy: a deletion on chromosome 13q14 coding for the miR15 and miR16 genes
was observed in more than half of the B-cell chronic lymphocytic leukemia (CLL) and

deletions or down-regulations of miR-15 and miR-16 were observed in 68% of the CLL.

Further, in 2004, they published that miRNAs are either tumor suppressive or oncogenic
depending on their location; located at regions of loss of heterozygosity suggests tumor
suppressors, while located at regions of amplifications suggests oncogenes. miRNAs are
commonly found at tumor-associated regions, in which loss of heterozygosity regions may
contain tumor suppressor genes and amplifications harbor oncogenes or the other way

around.

Another mechanism for dysregulation of miRNAs in malignancy apart from deletions and
amplifications is the control of the transcription factors. The dysregulation of transcription
factors regulating, for example, cell cycle progression, apoptosis, autophagy, invasion, and

neoangiogenesis is tightly linked to tumor development.
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Consequently, miRNAs also represent an innovative treatment option as prognostic and

diagnostic biomarkers as well as therapeutic targets in malignancy therapy.

The most common upregulated miRNA in many malignancies is miR-21. miR-21 is an
oncogenic miRNA inhibiting key regulator of apoptotic genes. It was first found to be
significantly upregulated in human glioblastoma and its inhibition leads to increased caspase
activation followed by apoptotic cell death. Therefore, miR-21 is an example of an
oncogenic miRNA, in which upregulation is associated with tumorigenesis [Bautista-
Sanchez et al., 2020]. Various bioinformatics and experimental studies have tried to identify

a set of de-regulated miRNAs in GBM that are responsible for this tumor.

The following table (Fig. 1) gives an overview of some miRNAs already discovered in

GBM, their targets (if known) and their prognostic value (if available).
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microRNA Regulation Type Target Function Prognosis
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microRNA Regulation Type Target Function Prognosis
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Figure 1. miRNAs in GBM: their targets, functions, and prognostic value (| = decreased, 1

= increased) [Kirstein et al., 2020].



AIM OF THE THESIS

As already mentioned, one of the most important prognostic-predictive factors in GBM is
methylation of the MGMT gene promoter. We also know this alone is not sufficient to
describe the behaviour of the disease and its response to therapy: some studies have shown
that patients with unmethylated tumors may experience an unexpected favorable outcome

after radio-chemotherapy.
This seemingly paradoxical phenomenon can be explained in at least two ways:

1. on the one hand, since the discovery of the importance of the MGMT promoter
methylation status in GBM therapy outcome, it is now known that the promoter
methylation is not the only deterministic factor for MGMT protein expression;

2. on the other hand, the sensitivity of the techniques currently used to test for
methylation of MGMT can result in false-negative results, so we consider tumours
that are actually methylated to be unmethylated; moreover, different methods

potentially leading to differences in precision between them.

For the first point, some studies have shown that mRNA expression was found to be low.
One of this mechanisms affecting mRNA expression seems to be represented by miRNA
expression. There are now data suggesting how changes in miRNA expression may lead to
the degradation of MGMT mRNA, with the result of MGMT gene silencing. Indeed, these
miRNAs affect GBM phenotype transition and malignant progression targeting more than
500 targets responsible for various biological processes such as cell proliferation, division,
growth, and intercellular communication. The following table (Fig. 2) gives an overview of
those miRNAs regulating MGMT expression, which were identified experimentally and

which exhibit significant effects in cell lines:
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microRNA Regulation Type Prognosis

suppression of MGMT protein

s 1 477 - . -
mik-142-3p down turmor suppressor TTMZ sensitivity
. . . i - degradation of MGMT mRENA;
mik-1814d down turnor suppressor high level = improved OS
B3 7 . suppression of MGMT:
miR-221/223 up ONCogenic 1TMZ sensitivity
miR-370-3p down and up tumor suppressor regulatory eflects on MGMT;

TTME sensitivity
mik-409-3p up oncogenic repression of MGMT
suppression of MGMT

miR-603 up oncogenic 1TMZ sensitivity
mik-£48 up turnor suppressor inhibition of MGMT protein translation
miR-767-3p up tumor suppressor degradation of MGMT mRENA

Figure 2. miRNAs involved in MGMT regulation in GBM (| = decreased, 1 = increased)
[Kirstein et al., 2020].

For this reason, one part of this thesis focuses on the influence of specific miRNAs (i.e.,
miR-21, miR-195, miR-767-3p, miR-196b, miR-648, miR-181d, miR-181¢c) on MGMT and
consequently on prognosis, leading to investigate the pattern of miRNA expression and its
correlation to TMZ sensitivity by analyzing a large cohort of GBM patients, comprehensive
of patients’ clinical outcome. The primary objective of this part of the study is to verify
whether a pattern of miRNA expression correlates with response to the treatment with TMZ
and its clinical efficacy, while the secondary objective is to verify if a cumulative panel of
markers may identify a group of patients experiencing a better outcome after the

administration of standard TMZ therapy combined with radiotherapy.

As for the second part, in collaboration with a Danish company, we set-up and validated a
new assay, based on a bisulfite-free analysis method, called EpiDirect®, that allows for direct
PCR quantification of DNA methylations using untreated DNA compared to two bisulfite-
relying, methyl-specific PCR assays, in order to evaluate its sensitivity, specificity, and

clinical utility.
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PATIENTS AND METHODS

1. ABOUT miRNA EXPRESSION AND ITS CORRELATION WITH RESPONSE
TO STANDARD THERAPY

Retrospective data were gathered from two prominent neurosurgical centers located in two
European countries: the Service of Neurosurgery at the Neurocenter of Southern
Switzerland, EOC, Switzerland, and the Department of Neurosurgery at Insubria University
Hospital, Italy. This data collection spanned over a ten-year period, from 2004 to 2013. The
study was conducted in full compliance with the established protocol, the most recent
Declaration of Helsinki, the ICH-GCP (Good Clinical Practice) guidelines, and ISO EN
14155, whenever applicable. Additionally, the study adhered to all national legal and
regulatory requirements. Data and specimens were collected and analyzed solely for the
purposes of this study after receiving the necessary approvals from the Cantonal Ethics

Committee in Bellinzona, Switzerland (Reference: CE 3086-2016-01108).

For each patient, the collected data encompassed information such as gender, age, the type
of surgical procedure performed, postoperative outcomes, postoperative complications, and
their overall follow-up until the time of their demise. All data were sourced from the

electronic medical records of the two respective institutions.

Inclusion criteria comprised patients aged over 18 years, confirmed histological diagnosis of
IDH-wildtype GBM, WHO grade 4, treatment following the Stupp scheme (comprising 60
Gray radiotherapy and concomitant TMZ chemotherapy, followed by six cycles of
maintenance TMZ), death resulting from GBM, and the availability of tissue, preserved in

the archives, for biomolecular analyses.

Exclusion criteria encompassed individuals with an unclear GBM diagnosis or those with
low-grade gliomas (LGGs), pediatric patients under the age of 18, patients who followed
treatment schemes outside the Stupp protocol, and those whose demise was attributed to

causes other than GBM.

The OS, defined as the duration from the surgical procedure to the date of death, and PFS,

defined as the time from the initiation of the first radio-chemotherapy treatment to the date
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of clinical or radiological progression in accordance with the RANO criteria, were subjected
to analysis. Concerning the type of surgery, three categories were established based on the
postoperative MRI performed within the initial 72 hours: Gross Total Resection (GTR,
characterized by the absence of contrast-enhancing residual tissue visible on T1-injected
MRI sequences), incomplete Subtotal Resection (iSTR, marked by evidence of contrast-

enhancing residual tumor), and Biopsy.

1.1. Histological and molecular analysis

The pathological assessment was carried out by two expert pathologists at the Institute of
Pathology, EOC, in Locarno, Switzerland. Each sample underwent an evaluation of MGMT
promoter methylation, MGMT immunohistochemistry (IHC), and miRNA expression

analysis.

1.1.1 MGMT promoter methylation

Genomic DNA for MGMT methylation analyses was extracted from three 8 pm thick
formalin-fixed, paraffin-embedded (FFPE) tumor sections using an automated extraction
method (Maxwell system, Promega, Madison, WI, USA). Approximately 100 ng of DNA
from each sample underwent bisulfite treatment, which was accomplished using the EZ

DNA Methylation-GoldTM kit (Zymo Research, Irvine, CA, USA).

Subsequently, the methylation status was determined through PCR-pyrosequencing
employing the MGMTPlus kit, following the recommended protocol (Diatech
Pharmacogenetics, Jesi, Italy). This assay assessed the methylation of six consecutive
cytosines within the MGMT promoter (located at chr10:131,265,507—131,265,556). The
presence of methylation was ascertained using a threshold of 10%. This threshold value was
established by calculating the limit based on negative controls, specifically DNA samples
from 15 FFPE healthy brain tissues. The calculation involved the mean of the methylation
ratio, adding twice the standard deviation, assuming a Gaussian distribution of the raw signal

from the negative samples.
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1.1.2 MGMT immunohistochemistry

To prepare the tissue samples for IHC analysis, three sections, each measuring 1-2 um in
thickness, were obtained from whole FFPE tissue. These sections were subjected to a
deparaffinization and rehydration process. Subsequently, they were pretreated with citrate
buffer at a pH = 6 in a microwave oven for a duration of 20 minutes. Following this, the
sections were treated overnight with the primary antibody, anti-MGMT (clone MT3.1,
Chemicon International, Temecula, CA, USA), and diluted at a ratio of 1/400. This was
followed by the application of a polymeric detection system (Ultravision DAB Detection

System, LabVision, Fremont, CA, USA), following the manufacturer’s instructions.

In line with existing literature, MGMT IHC positivity was determined when more than 5%
of neoplastic cells displayed intense nuclear staining [Brell et al., 2011; Cao et al., 2009].
Two pathologists independently assessed and scored the IHC results.

1.1.3 miRNA analysis

For miRNA extraction, three 10 um thick FFPE tumor sections were processed using the
RecoverAll™ Total Nucleic Acid Isolation Kit for FFPE, following the manufacturer’s
instructions (ThermoFisher Scientific, Waltham, MA, USA).

Specifically, miRNA-specific reverse transcription was carried out using the TagMan®
MicroRNA Reverse Transcription Kit and 5X primers included in inventoried TagMan
MicroRNA assays (Life Technologies). The miRNAs analyzed included miR-21, miR-195,
miR-767-3p, miR-196b, miR-648, miR-181d, miR-181c, and RNU6B (utilized as an
endogenous control). Each sample underwent analysis in triplicate using Universal Master
Mix and assays from TaqMan MicroRNA assays (Life Technologies) as per the

manufacturer’s recommendations.

As calibration samples, 12 normal brain specimens from patients with cerebral arteriovenous
malformations were chosen. The relative miRNA expression levels were calculated using

the Livak method.
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1.2. Statistical analysis

At first, mean and median values were calculated to summarize the results of each variable.
The relative chi-square, CHI%, describes the statistical association existing among pairs of

variables:

2
Xrel = x
max “=

1 Zz (g = )’

2 L oy

where n;j indicates the number of patients observed in row 1 and column j of the contingency
table, hat-n is the expected value of counts given the statistical independence of the two

considered variables, and with

x%ax =N -min(mg —1, m; —1)
the maximum value taken by the chi-square statistic when the sample size is N and the

contingency tables has mz rows and mc columns. The relative chi-square takes values in /0,

1], with 0 indicating the lack of statistical association.

OS and PFS curves for censored data were obtained using the Kaplan—Meier estimator.

5(t)=1_[<1—%)

i:t;st
which is the estimate of the probability that life is longer than #; furthermore, # is a time
when at least one event (death) was observed, d; is the number of events (deaths) that
happened at time #, and n; represents the individuals known to have survived up to time ¢
Comparisons of curves given different molecular characterizations were performed by
logrank tests. PFS curves were also estimated and tested within strata defined by the variable

of surgery.

Log-rank tests were conducted to assess whether there were significant differences among
the survival curves of groups defined by an explanatory variable [Bogaerts et al, 2018]. All
the analyses, as well as the creation of graphs and reports, were carried out using the R

software and the following R packages: “bootstrap” and “survival”.

Regarding miRNA expression, it is important to note that there are no established and
validated cut-off values for GBM, or for that matter, in other diseases, especially in real-time

experiments. Therefore, three different cut-off values for evaluating positive cases were

42



applied based on similar studies found in the literature: Cut-off > 3, Cut-off > 1, and Cut-off
> the median value. In this study, we present results using a cut-off > 3, which is considered
a robust approach for evaluating miRNA expression and is a cut-off value that we have
previously published in a different paper [Forcella et al., 2018; Cardia et al., 2023]. Using a
cut-off > 1 only considers slight deviations as clinically relevant, while employing a cut-off
equal to the median values might produce results that are too dependent on the specific

patient cohort.

2. ABOUT DIRECT PCR QUANTIFICATION OF METHYLATIONS USING
UNTREATED DNA

In this study, we have harnessed the physicochemical characteristics of SmC to develop a
qPCR platform for DNA methylation analysis without the need for any prior DNA treatment.
We achieve this by employing a DNA analog platform known as Intercalating Nucleic Acid
(INA®), which impacts the n-stacking interactions within DNA.

In brief, the stability of double-stranded DNA results from the combination of Watson-Crick
base-pairing and base-stacking interactions. It has been established that the latter, base-
stacking, is the primary stabilizing force in the DNA double helix. This effect arises from
the interactions between the m-electrons and is consequently referred to as m-stacking.
Notably, even though 5SmC doesn't participate in Watson-Crick base-pairing, it has been
observed to influence the thermal stability of DNA duplexes.

INA® incorporates at least one nucleobase analog, referred to as an intercalating pseudo-
nucleotide (IPN), which consists of a flat, conjugated aromatic or heteroaromatic ring
system. This IPN is strategically linked to the phosphodiester backbone at predetermined
positions within a synthetically designed oligonucleotide. The IPN effectively stacks
alongside adjacent nucleobases, enhancing the m-stacking energy of the DNA helix and
consequently raising the melting temperature (Tm). The properties of INA® have found

various applications, including the sensitive detection of single-point mutations in DNA.

We introduce a novel property of INA® which involves a noticeable distinction in the

stacking behavior when it interacts with SmC as opposed to cytosine. This distinction is
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reflected in the increased thermal stability of methylated DNA compared to non-methylated
DNA. We have harnessed this effect to develop a new qPCR platform for the direct detection
and quantification of DNA methylation, eliminating the need for any prior treatment of the

template DNA. We have named this method EpiDirect®.

EpiDirect® relies on a unique primer design, referred to as an “EpiPrimer®”, which enables
the selective amplification of methylated DNA while discriminating against unmethylated

DNA.

2.1 MGMT region for the study

The study focused on a DNA sequence containing four CpG sites situated in exon 1 of the
MGMT promoter. These specific CpG sites are positioned on chromosome 10, GRCh38.p13,
spanning from nucleotide 129,467,250 to 129,467,263 with the sequence
"CGTCCCGACGCCCG". These CpG sites are denoted as numbers 75 to 78 (numbering
according to the study of by Malley et al.). Importantly, previous studies have established a
link between these CpG sites and the survival outcomes of patients with glioblastoma [Stupp
et al., 2005; Hegi et al., 2005; Yin et al., 2014; Yang et al., 2015; Vaubel et al., 2020;
Sledzinska et al., 2021]. According to the feasibility of the regions for using the melting
temperature approach, we used the CpG islands identified as clinically relevant for the

assessment of MGMT promoter methylation.

2.2 Design of fluorescent oligonucleotides for melt studies

Three distinct oligonucleotides were custom-synthesized to target CpG sites numbered 75 to
78 within the MGMT promoter. These oligonucleotides were designed as fluorescent probes,
featuring a FAM® fluorophore at the 5’-end and a black hole quencher 1 (BHQ®-1) at the
3’-end. One probe was constructed using standard DNA chemistry (referred to as "Ref," with
sequence ID: P1), while the other two probes were chemically modified by incorporating

IPN molecules.

Specifically, two probes were designed with IPN molecules attached to the 5° end of the G
of the CpG sites. One of these probes used IPN 1, resulting in the creation of "INA-1"
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(sequence ID: P2), and the other used IPN 2, leading to the development of "INA-2"

(sequence ID: P3). All oligonucleotide sequences can be found in Table 1.

Sequence Name Sequence 5’ to 3’-end

ID

Pl Ref FAM-CGTCCCGACGCCCG-BHQ1

P2 INA-1 FAM-C1GTCCC1GAC1GCCC1G-BHQ!1
P3 INA-2 FAM-C2GTCCC2GAC2GCCC2G-BHQ1
T1 UM CGGGCGTCGGGACG

T2 M mCGGGmCGTmCGGGAMCG

T3 ImC mCGGGCGTCGGGACG

T4 2mC CGGGmMCGTCGGGACG

T5 3mC CGGGCGTmCGGGACG

T6 4mC CGGGCGTCGGGAMCG

T7 1,2mC mCGGGmCGTCGGGACG

T8 1,2,3mC mCGGGMmCGTmCGGGACG

Table 1. Probes and target sequences used for the analysis of DNA and INA® affinities
towards unmodified and SmC modified target sequences. Abbreviations: C = non-
methylated cytosine; mC = 5-methylcytosine; 1 = IPN molecule 1; 2 = IPN molecule 2.

2.3 Design of target oligonucleotides for melt studies

A set of eight targets was designed, each corresponding to the sequences identified by the

IDs P1-P3. These targets were constructed as follows:

a. An oligonucleotide with unmethylated cytosines (denoted as "UM," with sequence

ID: T1).

b. An oligonucleotide with SmC amidites at all four CpG sites (referred to as "M," with

sequence ID: T2).

For the investigation of the impact of the number of methylated CpG sites and the

methylation pattern on the melting temperature (Tm) of the DNA duplex, probes P1-P3 and

targets T3-T8 were employed. The targets were designed as follows:

a. Four targets were created, each featuring one methylated CpG site at one of the four

CpG sites within the MGMT target sequence (identified as T3-T6).

b. Additionally, two targets were synthesized with two and three methylated CpG sites

(denoted as T7 and T8) to explore the relationship between the number of methylated

CpG sites and the resulting Tm.
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This design allowed for the investigation of how the Tm of the DNA duplex is influenced
by the number and pattern of methylated CpG sites.

2.4 Protocol for melt studies

Probe sequences with the IDs P1-P3 were paired with complementary target sequences
having various CpG methylation patterns, identified by the IDs T1-T8. The aim was to
determine the melting temperature (Tm) of the duplex formed between these probes and

targets. The following procedure was followed:

a. Each probe sequence was mixed with a corresponding target sequence in individual

PCR tubes.

b. In each tube, a 20 pL buffer was added, which contained 0.02 M Na2HPO4, 0.02 M
NaCl, and 2 mM EDTA, known as the TM buffer.

c. The PCR tubes received 2.5 pL of the probe (resulting in a working concentration of

2 uM) and 2.5 pL of the target (with a concentration of 4 pM).

d. The mixtures were subjected to a melting analysis using a BaseTyper48.4 Quiet

HRM Real-Time PCR System (PentaBase A/S, Odense, Denmark).

e. The analysis was initiated with a pre-melt hold at 95°C for 60 seconds, followed by
a hold at 40°C for 60 seconds.

f. The melting phase started from 40°C and gradually increased to 95°C with a ramping

rate of 0.5°C per second.

g. Fluorescence measurements were taken at each 0.5 °C interval during the melting

process.

This experimental setup allowed for the determination of Tm values for the probe-target
duplexes and the assessment of how they varied based on the CpG methylation patterns in
the target sequences. The experiments were conducted in triplicates for each probe-target

pair.

2.5 Design of EpiDirect® MGMT Methylation qPCR Assay
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The assay was specifically developed to assess the methylation status of the four CpG sites
that were previously examined in the melt studies, which are located within the MGMT
promoter at positions 75 to 78. The oligonucleotide sequences employed in this assay are

detailed in Table 2.

Gene Oligo type Sequence 5’ to 3’-end IPN*  Working
conc.
[nM]
MGMT  Fwprimer CGACCCGACGCCCGAGCGCTTCAC 4 900
TGAGACA
GGTCCTCGC
MGMT  Rev CGAGGGAGAGCTCCGCACTCTTCC 0 900
primer G
MGMT  Hydrolysis FAM 4 500
probe AGGCGACCCAGACACTCACCAAG
TBP Fw primer AGGCAGCCATGCCCACCTCACTGC 0 400
TBP Rev AGGTCAGGAGGAACCAAGTGAGC 1 400
primer CCCA
TBP Hydrolysis HEX 6 400
probe CACACAGAACTAATGTGCCTGTGA
ACAG
ACACCA BHQI1

*Number of IPN molecules in the sequence. The location of the molecules in the sequence
is not shown.

Table 2. Sequence and working concentration of primers and probes used in the EpiDirect®
MGMT Methylation qPCR Assay. Abbreviations: Fw, primer forward; IPN, Intercalating
pseudo-nucleotide; MGMT, O-6-methylguanine-DNA methyltransferase ; Rev, primer
reverse.

The assay utilized a forward EpiPrimer® and a standard reverse primer to amplify a DNA
region spanning 97 base pairs, encompassing positions 129,467,250 to 129,467,346.
Notably, the EpiPrimer® incorporated IPN molecule 2 at each of the CpG sites it targeted.

To enable precise detection of the amplification, a HydrolEasy® probe, an INA®-based
hydrolysis probe, was designed downstream of the reverse primer. This probe featured a

FAM® fluorophore at the 5’-end and a BHQ®-1 quencher at the 3’-end.

In the design of the EpiPrimer®, a single mismatch was intentionally introduced at the third

nucleotide from the 5’-end. This was done to reduce the melting temperature (Tm) of the
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primer since the targeted region is notably GC-rich. This unique assay design allowed for

the accurate analysis of DNA methylation at the specified CpG sites in the MGMT promoter.
2.6 PCR set-up

In the assay, a four times concentrated mixture (referred to as 4X) containing the primers
and probes detailed in Table 2 was prepared, denoted as the PP mix. The final concentration

of each oligonucleotide in the PCR tube can be found in Table 2.

For each PCR setup, 10 pL of 2X Ampliqueen master mix (PentaBase A/S) was combined
with 5 uL of the 4X PP mix and 5 uL of purified DNA.

The PCR process was carried out using a CFX Opus 96 Real-time PCR Instrument

manufactured (Bio-Rad Laboratories, Inc). It followed the following program:

a. An initial activation step, consisting of a 120-second hold at 95°C for DNA

polymerase activation.

b. Five pre-cycles, with each cycle involving 60 seconds of denaturation at 100°C,

followed by 60 seconds of combined annealing and elongation at 76°C.

c. Subsequently, 40 cycles were performed, with each cycle consisting of 10 seconds

at 98°C and 60 seconds at 76°C.

d. During the second step of the cycles at 76°C, fluorescence was acquired specifically
on the FAM® and HEX® channels, which allowed for the monitoring of the

amplification.
In the verification experiments, two specific DNA samples were employed:

a. Fully Methylated DNA (cat# D5014, Zymo Research, Irvine, CA, US): this sample
was utilized to represent fully methylated DNA, where all relevant CpG sites were

methylated.

b. Unmethylated Human Genomic DNA (cat# G3041, Promega, Madison, WI, US):
this sample was used to represent unmethylated DNA, where all relevant CpG sites

were unmethylated.

In addition to the test samples, several controls were included in each PCR setup:
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a.

C.

No-Template Control (NTC): this is a negative control where no DNA template was
added to the PCR reaction. It serves to check for any contamination or background

signals.

Positive Control (5 ng): this control consisted of a mixture of fully methylated and
unmethylated DNA at a 25% methylation level. It was used to confirm the

performance of the assay in detecting a specific level of methylation.

Negative Control (5 ng): this control contained unmethylated DNA and was used to
verify the assay's ability to detect unmethylated DNA.

These controls and samples were crucial in assessing the accuracy and reliability of the

methylation detection assay by providing references for fully methylated, unmethylated, and

intermediate (positive control) DNA methylation levels.

2.7 Assay verification

Two separate linear dynamic range studies were conducted to assess the performance of the

assay. The first study focused on methylation calling, while the second evaluated the

concentration of DNA. In both studies, five replicates were analyzed for each dilution to

ensure the robustness of the results.

Methylation Calling Study:

(o]

A dilution series was prepared, comprising DNA samples with different levels of

methylation: 100%, 50%, 25%, 10%, 5%, and 2.5% methylated DNA.

These samples were diluted to a concentration of 1 ng/uL in TE-buffer (consisting

of 500 mM TRIS, 250 nM EDTA, and water).
The experiment was repeated, resulting in data from two separate PCR runs.

Data from both runs were used to develop an equation for calculating the methylation

percentage based on the ACt (cycle threshold) value.

ACt values were plotted against the common logarithm of the percent methylation,
and linear regression was performed. The linear regression analysis allowed for the

estimation of the relationship between ACt and methylation percentage.
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DNA Concentration Study:

o In this study, a dilution series was created using a factor of ten dilution, ranging from

10 ng/uL to 0.01 ng/uL.

o These dilutions were prepared using 25% methylated DNA, which corresponded to

the positive control.

o ACt values were plotted against the common logarithm of the DNA concentration,
and linear regression analysis was conducted. The slope of the linear fit was used to

calculate the PCR efficiency (E).

These studies helped validate the assay's ability to accurately detect DNA methylation levels
and assess DNA concentration. The linear regression analyses in both studies provided
insights into the relationship between ACt values and methylation percentage, as well as
DNA concentration, respectively. The PCR efficiency was determined from the slope of the

linear fit in the DNA concentration study.
In the evaluation of the assay's performance, two important parameters were determined:
Limit of Blank (LOB):

o To calculate the LOB, twenty replicates of unmethylated DNA were prepared and
diluted to a concentration of 1 ng/uL in TE-buffer.

o The LOB is a measure of the assay's background noise, indicating the highest signal

or response that can be expected when analyzing blank or negative samples.
Limit of Detection (LOD):
o The LOD represents the lowest level of methylation that the assay can reliably detect.
o To establish the LOD, the LOB data was used as a reference point.

o It was defined as the percentage of methylation at which a minimum of 95% of the

replicates could be reliably detected by the assay.

o The LOD was experimentally determined using twenty replicates of 3% methylated
DNA, each diluted to a concentration of 1 ng/uL in TE-buffer. This confirmed the

assay's capability to detect low levels of methylation.

FFPE Material Validation:
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(o]

To verify the assay's performance on FFPE material from a GBM, twenty replicates
of unmethylated DNA purified from FFPE samples were analyzed using the
EpiDirect® MGMT Methylation qPCR Assay.

The purpose of this analysis was to confirm that all replicates would be correctly

identified as unmethylated by the assay, based on the LOD's ACt cut-off value.

Verification of LOD in FFPE Material:

To further verify the LOD in FFPE material, twenty replicates of 3% methylated
DNA were created by mixing fully methylated DNA with purified unmethylated
FFPE samples.

This allowed for the assessment of the assay's ability to detect low levels of

methylation in FFPE material, reinforcing its LOD in this specific context.

These steps and validations are essential to understand the assay's sensitivity and specificity,

especially in the context of detecting DNA methylation in challenging FFPE samples from

GBMs.

2.8 Validation cohort

The validation cohort for this study comprised patients whose data were retrospectively

selected from the database of the Oncology Institute of Southern Switzerland (IOSI), EOC,

in Switzerland, spanning the period from 2004 to 2021. All patient samples included in the

study were anonymized, and the research had received ethical approval (approval code Ref.

EC 3721 - BASEC 2020-01939, granted on 16 October 2020).

Patients included in the validation cohort met the following criteria:

(0]

Age greater than or equal to 18 years.

Histology-proven diagnosis of a brain tumor, which could be glioblastoma,

oligodendroglioma, or astrocytoma.

Availability of leftover tumor tissue or extracted DNA for the validation of the assay.

Patients were excluded from the cohort if they:

(o]

Were under the age of 18 years.
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o Had an insufficient amount of leftover tissue material or extracted DNA available for

the validation process.

This comprehensive selection process ensured that the patient cohort met specific criteria
and, at the same time, preserved the ethical standards and requirements for patient

confidentiality and data protection.

In the validation cohort, a total of 50 tumor samples were initially available. Out of these,
42 samples contained a sufficient amount of material to perform all three analyses, and these

42 samples were used for the comparative study.

2.9 Comparator methods

In the study involving the validation cohort, the EpiDirect® Methylation qPCR assay was
compared with two other methods for analyzing the methylation status of the MGMT

promoter. These two comparator methods were:

Comparator Method 1 involved a methyl-specific PCR (MSP) assay followed by gel
electrophoresis. It was designed by and used in the clinical routine at the Institute of

Pathology of Locarno, EOC, Switzerland.

Comparator Method 2 was a quantitative real-time MSP assay known as the geneMAP®

MGMT Methylation Analysis Kit (Genmark Saglik Uriinleri, Istanbul, Turkey).
For each patient included in the study, the following procedure was followed:
a. FFPE tumor tissue was assessed for quality and tumor content.

b. Genomic DNA was extracted from three 8§ pum-thick serial sections of each FFPE
block using the QIAamp DNA FFPE tissue kit manufactured (Qiagen, Chatsworth,

CA, USA). The extraction process followed the manufacturer's instructions.

c. For the two comparator methods, the purified DNA was subjected to bisulfite
treatment before the MSP analysis. Bisulfite treatment is a key step in DNA
methylation analysis, as it converts unmethylated cytosines into uracil while leaving

methylated cytosines unchanged.
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d. The concentration of the extracted DNA was quantified using a Nanodrop 1000

spectrophotometer (Witec, Littau, Switzerland).

These detailed steps ensured the proper preparation of DNA samples for methylation
analysis using the EpiDirect® Methylation qPCR assay and the two comparator methods. It

also allowed for a comparative evaluation of the results obtained by each method.

For Comparator Method 1, which utilized a methyl-specific PCR assay, the following steps

were performed:

a. Approximately 500 ng of DNA was subjected to bisulfite treatment using the EZ
DNA Methylation-Gold kit (cat# D5005) from Zymo Research. Bisulfite treatment
is a critical step for DNA methylation analysis, as it converts unmethylated cytosines

into uracil while leaving methylated cytosines unaltered.

b. Subsequently, 6 puL of the purified and bisulfite-treated DNA was used for MSP in

duplicate reactions.

c. The MSP reactions employed specific primers for the MGMT gene, one for the
methylated (MGMT-M) state and another for the unmethylated (MGMT-UM) state.

These primers are found in Table 3.

MGMT primers Sequence 5’ to 3’-end
MGMT-M-Fw TTTCGACGTTCTAGGTTTTCGC
MGMT-M-Rev GCACTCTTCCGAAAACGAAACG
MGMT-U-Fw ITTGTGTTTTGATGTTTGTAGGTTTTTGT
MGMT-U-Rev AACTCCACACTCTTCCAAAAACAAAACA

Table 3. Primers used in comparator method 1. Abbreviations: MGMT, O-6-methylguanine-
DNA methyltransferase; MGMT-M-Fw, primer forward for methylation of MGMT; MGMT-
M-Rev, primer reverse for methylation of MGMT, MGMT-U-Fw primer forward for
unmethylated MGMT; MGMT-U-Rev, primer reverse for unmethylated MGMT.

d. The PCR protocol included the following steps:
o Initial denaturation at 94°C for 60 seconds.
o Annealing at 55°C for MGMT-M or 57°C for MGMT-UM for 60 seconds.

o Elongation at 72°C for 60 seconds.
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o This cycle (denaturation, annealing, and elongation) was repeated for 40

times.

o The reaction was concluded with a final elongation step at 72°C for 10

minutes.

e. After the MSP reaction, the resulting PCR products were visualized by running them

on a 3% agarose gel.

f. The samples were identified as methylated or unmethylated based on the presence or
absence of amplification products, which could be visually distinguished by

comparing them to positive and negative controls.

This method allowed for the determination of the methylation status of the MGMT gene
based on the presence or absence of PCR products after bisulfite treatment and MSP

amplification, followed by gel electrophoresis.

For Comparator Method 2, the following steps were taken to analyze the DNA methylation
status using the geneMAP® MGMT Methylation Analysis Kit:

a. Approximately 200 ng of DNA was subjected to bisulfite conversion using the EZ
DNA Methylation-Lightning Kit, cat# D5030, from Zymo Research. This conversion
process is essential for DNA methylation analysis, as it modifies unmethylated

cytosines into uracil, while leaving methylated cytosines unchanged.

b. Five pL of the converted material was then analyzed using the geneMAP® MGMT

Methylation Analysis Kit following the manufacturer's instructions.

c. The analysis was carried out using a CFX Opus 96 Real-time PCR Instrument from

Bio-Rad Laboratories, or a CFX96® instrument, also from Bio-Rad Laboratories.

d. In accordance with the manufacturer's guidelines, a cut-off threshold of greater than
0.6% was applied to interpret the results. This cut-off value likely served to
distinguish between methylated and unmethylated samples based on the proportion

of methylation detected.

This method provided a quantitative assessment of DNA methylation status based on the

manufacturer's recommended cut-off value, enabling the classification of samples as
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methylated or unmethylated. The bisulfite conversion step was crucial for methylation

analysis, as it is a common method for assessing DNA methylation levels.

The DNA samples obtained from each patient in the validation cohort were analyzed using

the EpiDirect® MGMT Methylation gPCR Assay by following these steps:

a. Five microliters (concentration ranging from 0.1 to 10 ng/uL) of purified DNA from

each patient were added to the assay.

b. The DNA was subjected to amplification according to the previously mentioned PCR
program detailed in the method section. This amplification process was carried out
using either the CFX Opus 96 Real-time PCR Instrument from Bio-Rad Laboratories

or the CFX96® instrument, also from Bio-Rad Laboratories.

c. The data obtained from the PCR amplification were analyzed based on the ACt (cycle
threshold) between the FAM® and HEX® channels. This analysis allowed for the
calculation of an estimate of the percentage methylation. The equation derived from

the assay verification studies was used to make this conversion.

d. The technical LOD served as a cut-off for determining the methylation status of the
samples. Samples were classified as methylated if they exceeded the technical LOD,

and unmethylated if they fell below this threshold.

This approach utilized the EpiDirect® MGMT Methylation qPCR Assay to quantify the
methylation percentage in patient samples based on ACt values and the technical LOD,

thereby determining the methylation status for each sample in the validation cohort.

2.10 Data analysis and statistics

All data analysis and statistical calculations were performed using R Studio, specifically
version 1.3.1093, and R version 4.0.3. The analysis involved various aspects, including the
determination of the Tm of DNA duplexes and the statistical comparison of Tm values. Here

are some key details:
Tm Determination:

o The Tm of the DNA duplexes was determined based on the maximum value of the

first negative derivative of the melt curves.
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o This determination process was automated and conducted using the PCR software
associated with the BaseTyper48.4 Quiet HRM Real-Time PCR System, which is
provided by PentaBase A/S.

o Mean Tm values were reported, and the standard deviation (+) was used to denote

the variability within the data.
Statistical Analysis:
o Differences in Tm values between various conditions or groups were calculated.

o These calculations included the use of 95% confidence intervals to assess the range

of uncertainty.

o The statistical analysis assumed that the technical replicates followed a normal

distribution, which is a common assumption for many statistical tests.

The use of R Studio and the described methodology allowed for comprehensive data analysis
and statistical assessment in the study, ensuring the robustness and reliability of the results

obtained from the various experiments and assays.

The PCR cycle threshold (Ct) values were determined in the CFX Maestro Software 2.0
(Bio-Rad Laboratories). The thresholds were manually set for both the FAM™ and HEX™
channels according to 10% of the maximum relative fluorescence units (RFU) of the positive
control sample (25% methylated DNA). The ACt between the two channels was calculated

by the equation:
ACt = CtFAM - CtHEX

The PCR efficiency was calculated by the equation:

-1
E = 105lope — 1

A significance level of 0.001 was chosen, giving a critical (Z,) value of 2.576 for the LOB
study. The mean value (pg) of the unmethylated replicates and the standard deviation (op)

was used to calculate the LOB using the equation:
LOBpct = U —Zq " 0

The LOD at 95% certainty was calculated from the LOB using the following equation, with
19 degrees of freedom (f), as 20 replicates were used for the study.
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1.645
1-(37)

The sensitivity and specificity of the assay were calculated by the following equations,

LODACt = LOBACI’ + *Op

respectively. The 95% confidence intervals were calculated using the Wilson score.

s tivity [%] = True Positive 100
ensitivity %] = True Positive + False Negative

o True Negative
Specificity [%] =

True Negative + False Positive .
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RESULTS

1. ABOUT miRNA EXPRESSION AND ITS CORRELATION WITH RESPONSE
TO STANDARD THERAPY

1.1. General consideration

During the ten-year period spanning from January 2004 to December 2013, a total of 112
patients diagnosed with GBM, IDH-wildtype, WHO grade 4 tumors, were recruited.

MGMT Methylation Status:

o Among the evaluable cases, 39 out of 108 patients (36.1%) exhibited methylation of
the MGMT gene promoter.

o The remaining 69 out of 108 patients (63.9%) were found to have an unmethylated

MGMT gene promoter.
MGMT IHC status:

o Among the evaluable cases, 54 out of 98 patients (55.1%) tested positive for MGMT
IHC.

o The remaining 44 out of 98 patients (44.9%) were negative for MGMT IHC (Fig. 3).

v

Figure 3. Two examples of MGMT expression evaluated by IHC. On the left side, an
example of a GBM with negative staining of MGMT protein. The arrows indicate internal
positive controls, namely inflammatory cells and endothelial cells. On the right side, an
example of a GBM showing expression of MGMT protein
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From the neurosurgical perspective, the extent of surgical resection was classified as follows

among the patients:

o Gross Total Resection (GTR): this was achieved in 79 patients, which represents
70.5% of the cases. A GTR indicates that the surgical team successfully removed the

entire tumor.

o Subtotal Resection (STR): an STR was performed in 17 patients, constituting 15.2%
of the cases. In an STR, a portion of the tumor is intentionally left in place due to its

location or other factors.

o Biopsy: in the remaining 16 cases (14.3%), the attending neurosurgeons opted for a
biopsy. A biopsy involves taking a small sample of tissue from the tumor for

diagnostic purposes without attempting to remove the entire tumor.

All of the clinicopathological and molecular data related to these surgical approaches and

patient characteristics are summarized in Table 4.

Patient’s Characteristics

Age
2885 years

no. (%)
Sex
Male 57/112 (50.9%)
Female 55/112 (49.1%)
Histologic Type
GBM IDH-wt WHO grade 4 112/112 (100%)
MGMT promoter methylation
(not evaluable in 4 cases)
Methylated 39/108 (36.1%)
Unmethylated 69/108 (63.9%)
MGMT IHC (not evaluable in 14 cases)
Positive 54/98 (55.1%)
Negative 44/98 (44.9%)
Neurosurgery
GTR 79/112 (70.5%)
STR 17/112 (15.2%)
Biopsy 16/112 (14.3%)

Table 4. Patients’ characteristics. Abbreviations: GTR, Gross total resection; IHC,
Immunohistochemistry; STR, Subtotal resection.
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Particularly, in 14 out of 112 cases (12.5%), the quality of the samples did not allow an

adequate immunohistochemical evaluation of MGMT due to fixation artifacts. Similarly, in

4 out of 112 cases (3.6%), the quality and/or quantity of the DNA extracted from the samples

did not permit methylation analysis.

1.2. miRNA expression

In the study, the data reported is based on a specific cut-off value of greater than 3 for the

analysis. However, it is worth noting that results obtained using two other cut-off values

were found to be nearly identical, indicating the consistency of the findings (Table 5).

Table 5. miRNA distribution. Abbreviations: miRNA, microRNA.

miRNA Expression Values
miRNA
<0.333 0.333-3 >3

miR-181c 39/112 (34.8%) 62/112 (55.4%) 11/112 (9.8%)
miR-181d 38/112 (33.9%) 71/112 (63.4%) 3/112 (2.7%)
miR-21 1/112 (0.9%)  20/112 (17.9%) 91/112 (81.2%)
miR-195 19/112 (17%)  69/112 (61.6%) 24/112 (21.4%)
miR-196b 7/112 (6.2%) 10/112 (9%) 95/112 (84.8%)
miR-648 28/112 (25%)  77/112 (68.7%) 7/112 (6.3%)
miR-767.3p 47/86 (54.6%) 17/86 (19.8%) 22/86 (25.6%)

In general, the analysis of miRNA expression revealed the following trends:

(0]

Strong miRNA Overexpression (values > 3): this was notably observed for miR-21

and miR-196b.
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o Down-Regulation (values < 0.33): miR-767.3 exhibited down-regulation, indicating

a significant decrease in its expression.

o Normal Expression (values between 0.333 and 3): for the remaining four miRNAs,
their expression levels fell within the range of 0.333 to 3 in the majority of cases,

suggesting that their expression was relatively stable and within a normal range.

These observations provide insight into the expression patterns of various miRNAs in the
study's cohort, and how they relate to different cut-off values, with miR-21, miR-196b, and

miR-767.3 showing distinct patterns of expression.

A multivariate analysis was conducted to explore the relationship between the expression

levels of various miRNAs and the positivity of MGMT IHC (Table 6).

THC MGMT
Negative Positive p

10/98 22/98

<0333 10.2%) (22.5%)

. 24/98 31/98
miR-18le 03333 5o 1o 0.0015

. 10/98 1/98

(10.2%) (1%)

11/98 22/98

<0333 100 (22.4%)

. 30/98 32/98
miR-181d 03333 30 G790 0.0560

3/98 0/98

>3 (3.1%) (0%)

0/98 1/98

<0.333 (0%) (1%)

. 7/98 11/98
mR21 03333 (1129%) 0.7846

g 37/98 42/98

(37.8%) (42.9%)

6/98 10/98

<0333 619 (10.2%)

. 21/98 39/98
miR-195 03333 5l (o.8%) 0.0025

. 17/98 5/98

(17.4%) (5.1%)

2/98 4/98

<0.333 (2%) (4.1%)
miR-196b 4/98 4/98 0.8216

0.333-3 4 100 (4.1%)

>3 38/98 46/98
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(38.8%) (46.9%)

4/98 17/98
<0333 419 (17.3%)
. 37/98 35/98
miR-648 03333 0 G570 0.0230
3/98 2/98
>3 (3.1%) (2%)
12/98 28/98
<0333 (5.8 (36.8%)
: 11/98 5/98
miR-7673p 03333 . o 0.0005
- 15/98 5/98
(19.7%) (6.6%)

Table 6. MGMT IHC and miRNA bivariate analysis. Abbreviations: THC,
immunohistochemistry; MGMT, O-6-methylguanine-DNA methyltransferase; miRNA,
microRNA.

The analysis revealed statistically significant correlations between a positive MGMT THC

status and low expression of specific miRNAs, reported in bold in the table.

These findings suggest that there is a statistically significant relationship between the
expression levels of these miRNAs and the positivity of MGMT IHC, indicating a potential
molecular connection between MGMT promoter status and the expression of these specific
miRNAs. The statistical significance of these correlations implies that these miRNAs may
play a role in the regulation of MGMT expression or other related processes in the context

of GBM.

The general expression pattern of miRNAs, when considered in relation to MGMT promoter
methylation status, revealed interesting correlations. A multivariate analysis was conducted
to examine the relationship between miRNA expression levels and MGMT methylation

status (Table 7).

MGMT
Methylated Unmethylated p

10/108 26/108

<0333 930 (24.1%)

. 24/108 37/108

miR-181¢  0.333-3 (22.2%) (34.3%) 0.4288
>3 5/108 6/108
(4.6%) (5.5%)
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9/108 26/108

<0333 g3 (24.1%)

. 27108 43/108
miR-1814 03333 o 0 0.0245

- 3/108 0/108

(2.8%) (0%)

0/108 0/108

0333 o 0

. 6/108 12/108
mR21 03333 G (TN 10000

>3 33/108  57/108

(30.6)  (52.8%)

3/108 13/108

<0333 5 gon) (12%)

. 26/108  42/108
miR-195 03333 G000 G000 0.2084

- 10/108 14/108

©3%)  (12.9%)

0/108 4/108

<0.333 (0%) (3.7%)

. 0/108 10/108
miR-196b  0333-3 o0 3% 0.0060

- 39/108  55/108

(36.1%)  (50.9%)

3/108 23/108

<0333 08wy (21.3%)

. 34/108  41/108
miR648 03333 3/ o0 oo 0.0035

>3 2/108 5/108

. 0 . 0

(1.9%)  (4.6%)

14/33 31/83

<0333 1690  (37.3%)

. 6/33 10/83
miR7673p 03333 oo ) 0.8591

- 8/33 14/33

(9.6%) (16.9%)

Table 7. MGMT methylation and miRNA bivariate analysis. Abbreviations: MGMT, O-6-
methylguanine-DNA methyltransferase.

Low Expression of miR-181d and miR-648: a statistically significant association was
observed between cases with unmethylated MGMT promoter and low expression of miR-
181d (p = 0.02) and miR-648 (p = 0.004). This suggests that these miRNAs are more likely

to be expressed at low levels in cases where the MGMT promoter is unmethylated.
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High Expression of miR-196b: conversely, high expression of miR-196b (p = 0.006)
appeared to be associated with cases where the MGMT promoter was methylated. This
indicates that miR-196b is more likely to be expressed at higher levels in cases with MGMT

promoter hypermethylation.

The remaining four miRNAs did not show any statistically significant association with
MGMT promoter hypermethylation. These findings provide insights into the potential
relationships between miRNA expression and MGMT promoter methylation status,
suggesting that specific miRNAs, such as miR-181d, miR-648, and miR-196b, may be
linked to the epigenetic regulation of the MGMT gene in the context of GBM.

1.3. Overall survival

The OS has been considered for both groups of patients included in the study (methylated
vs. unmethylated GBM).

The OS for methylated patients is significantly better (p = 0.006). The same statistical
consideration has been performed for MGMT IHC. The results show that a negative MGMT
IHC is significantly correlated to a longer OS (p = 0.01) (Fig. 4).

0754

0.50+

Overall Survival
s
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Figure 4. OS curves representing the survival of patients (in terms of months) on the basis
of MGMT. On the left side (A), OS was evaluated on MGMT methylation status (M,
methylated; U, unmethylated.). Median survival times are 19.5 months for methylated and
14.0 for unmethylated. On the right side (B), OS was evaluated on MGMT expression by
IHC (neg, negative; pos, positive;). Median survival times are 18 months for negative and
13 months for positive groups.

64



Then we calculated the association of miRNA expression and OS. A significant correlation
was found for miR-21 (p = 0.006), miR-195 (p = 0.02), miR-196b (p = 0.008) and miR-648
(p = 0.02) (Fig. 5;only the curves of the miRNAs associated to a significant result are
reported).
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Figure 5. OS curves representing the survival of patients (in terms of months) on the basis
of different miRNA expression. In (A), OS was evaluated on miR-21 expression. On dashed
vertical lines, median survival times in months [0, 1/3]: 7, [1/3, 3]: 12, [3, inf]: 17. In (B),
OS evaluated on miR-195 expression. On dashed vertical lines, median survival times in
months [0, 1/3]: 12, [1/3, 3]: 16.5, [3, inf]: 20.8. In (C), OS evaluated on miR-196b
expression. On dashed vertical lines, median survival times in months [0, 1/3]: 11, [1/3, 3]:
13.5, [3, inf]: 17. In (D), OS evaluated on miR-648 expression. On dashed vertical lines,
median survival times in months [0, 1/3]: 14, [1/3, 3]: 17.5, [3, inf]: 11.

1.4. Progression free survival

Data have been analyzed also to define any significant relation with the PFS. A statistical
correlation has been found between MGMT methylation status and PFS (p = 0.03) but also
between GTR and PFS (p = 0.04) (Fig. 6).
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Figure 6. PFS curves representing the survival of patients (in terms of months) on the basis
of MGMT methylation status. On the left side (A), PFS curves represented the survival of
patients (in months) on the basis of MGMT methylation status (M, methylated; U,
unmethylated). On dashed vertical lines, median survival times was 7 months for
unmethymated and 9 months for methylated). On the right side (B), PFS curves representing
the survival of patients (in months) on the basis of surgery type (biop, biopsy; GTR, Gross
Total Resection; STR, Subtotal Tumor Resection). On dashed vertical lines, median survival
times was 4 months for biopsied patients, 8.25 months for GTR, and 7 months for STR.

Contrary to the correlation with OS, we found no correlation between PFS and MGMT IHC;
in addition, miRNA expression showed a trend, but never reached a statistically significant

correlation with PFS.

2. ABOUT DIRECT PCR QUANTIFICATION OF METHYLATIONS USING
UNTREATED DNA

2.1. Validation cohort

The composition of the cohort was as follows:
o Primarily consisting of GBM samples, which accounted for 83% of the samples.
o Approximately 57.1% of the samples were obtained from male patients.

o The age of patients at the time of biopsy ranged from 25 to 79 years, with an average

age of 60.2 years for the entire set of samples.

The summarized data for the cohort of these 42 patients can be found in Table 8. This dataset

forms the basis for the comparative analysis in the study.

66



n (%)

Gender
Male 24 (57.1)
Female 18 (42.9)
Age
>60 25 (59.5)
<60 17 (40.5)
Diagnosis
Glioblastoma 35(83.3)
Anaplastic Astrocytoma 1(2.4)
Oligodendroglioma 2 (4.8)
Diffuse Astrocytoma 2 (4.8)

Pilocytic Astrocytoma 2(4.8)
IDH1 status

Mutated 5(11.9)

Wildtype 37 (88.1)

Table 8. Patients’ characteristics.

2.2. Novel platform for direct methylation quantification

We tested an innovative PCR platform called EpiDirect®, which enables the direct
quantification of DNA methylation without the need for any DNA pre-treatment. Within this
platform, we leverage the collaborative influence of cytosine methylation and our

proprietary DNA technology, INA®.

As illustrated in Fig. 7, an EpiPrimer™ consists of three components: an anchor sequence, a
loop segment, and a starter sequence, as depicted in the figure at the end of the paragraph.
The anchor sequence comprises IPN molecules and covers the specific CpG region of
interest. This anchor sequence binds with significantly greater thermal stability to a
complementary methylated target as opposed to a complementary unmethylated target. The
starter sequence is positioned at the 3'-end of the primer and is intentionally designed to
possess low thermal stability. Consequently, it does not bind to the template DNA unless it

receives support from the anchor sequence.

Since the anchor sequence forms stronger bonds with methylated DNA, it becomes possible
to achieve a selective amplification of methylated DNA by conducting the PCR at an
annealing temperature higher than the melting temperature (Tm) of the anchor sequence

attached to unmethylated DNA.
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In order to measure the methylation status of a specific sequence, we simultaneously amplify
an independent reference sequence alongside the target sequence. These two sequences are
detected in separate fluorescence channels. If both sequences reach the threshold at
approximately the same PCR cycle (resulting in a low ACt value between the methyl-specific
assay and the internal reference assay), it indicates that the target DNA sequence is highly

methylated in the region of interest.

Conversely, when there are no CpG methylations present in the targeted sequence, the
EpiPrimer™ will exhibit minimal affinity for the DNA, leading to a significant ACt value,

as depicted in in the figure at the end of the paragraph.

The methylation pattern exclusively exists in the original DNA sample and is not transferred
to the amplicons generated during PCR by the polymerase. Consequently, the anchor
segment of the EpiPrimer™ exhibits limited binding affinity for the amplicons. To overcome
this, we've incorporated a loop sequence that connects the anchor and starter sequences,

allowing us to restore the affinity for sequences that initially contained DNA methylations.

It is important to note that the polymerase is unable to replicate over the IPN molecules. As
a result, the anchor portion of the EpiPrimer™ will not be copied or replicated during the

PCR process.
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Figure 7. Principle of the EpiDirect® platform for selective amplification of methylated
DNA.
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2.3. Intercalating nucleic acids has increased thermal stability to DNA targets

We conducted an investigation to assess the impact of fluorescent INA® probes in
comparison to DNA probes (referred to as "Ref") on the thermal stability of complementary
oligonucleotides. Our study involved the use of two distinct [IPN molecules, denoted as [PN
1 and IPN 2 (as illustrated in Fig. 8), which were integrated into a 14-nucleotide sequence
located in the MGMT promoter region, specifically positioned 5' to the CpG sites of the
sequence: 5'-CGTCCCGACGCCCG-3'. R denotes a linker sequence, which binds the
molecule to a phosphoramidite allowing for coupling into oligonucleotides. IPN molecules
are composed of several conjugated double bonds and are thereby adding n-electrons to the

DNA double helix. This increases the overall & -stacking energy of the DNA.

IPN 1 IPN 2

Figure 8. The skeletal structure of intercalating pseudo-nucleotide (IPN) type 1 and type 2.

We labeled the probe modified with IPN 1 as "INA-1" and the probe modified with IPN 2
as "INA-2". IPN molecules 1 and 2 were individually introduced into the sequence at each
of the four CpG sites and then hybridized with a complementary unmethylated (UM) target,

resulting in the formation of a probe/target duplex.

As a result of this hybridization, the melting temperature (Tm) increased by 7.3°C when
utilizing INA-1 and 7.8°C when using INA-2 in comparison to the "Ref" probe. The specific

Tm values are depicted in Table 9.

Probe | Mean Tm (°C) +Tm (°C)2 95% ClI

Ref 64.6 + 0.03 - -
INA-1 | 72.4 +0.01 7.8 [7.8;7.9]
INA-2 | 71.8+0.25 7.3 [6.7;7.9]

a +Tm = Tm(INA) - Tm(Ref)

Table 9. Melting temperature (Tm) of fluorescent oligonucleotide probes bound to an
unmethylated complementary target. Abbreviations: CI, confidence interval, INA,
Intercalating nucleic acid; Tm, melting temperature.
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2.4. Methylated CpG sites increase the thermal stability of DNA

A fluorescent probe was synthesized with a FAM™ fluorophore (F) in the 5’-end and a black
hole quencher 1 (BHQ®-1) in the 3’-end (as shown in Fig. 9). The probe covered a sequence
found in the promotor region of MGMT comprising four CpG sites. The probe was
hybridized to a complementary oligonucleotide being either unmethylated or methylated at

all four cytosine nucleobases.

C)\CGTCCCGACGCCCG)@
GCAGGGCTGCGGGC

CKCGTCCCGACGCCCG)@

GCAGGGCTGCGGGE
@ © ¢ O©

Figure 9. Sequences of the oligonucleotides used for the study.

The "Ref" probe was hybridized with both an unmethylated (UM) and a fully methylated
(M) target, and the temperature was raised to determine the melting temperature (Tm). The
Tm for the "Ref" probe was 64.6 £ 0.03°C when hybridized with the unmethylated target
(UM) and 68.9 + 0.08°C when hybridized with the fully methylated target (M).

This indicates that the presence of all four methylated CpG sites resulted in an approximate
increase of 4.3°C (with a 95% confidence interval of [4.2; 4.5]) in Tm compared to

unmethylated CpG sites (data shown in Fig. 10).
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Figure 10. Thermal stability of the two duplexes.

2.5. Synergistic effect of intercalating nucleic acids and DNA methylations

As described in Fig. 11, IPN molecules, either type 1 or type 2, were coupled 5’ to the G of
the CpG sites, creating probe INA-1 and INA-2, respectively. The probes were hybridized
to a complementary unmethylated oligonucleotide (UM), and a target methylated at all four
CpG sites (M).

C\chccchcbcch)®
GCAGGGCTGCGGGC

C)\C'GTCCC'GAC'Gccc'G/@
GCAGGGCTGCGGGE
e e ¢ o

Figure 11. Sequences of the oligonucleotides used for the study.
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As shown in Fig. 12, melt peaks of the methylated (blue, 82.8 = 0.36 °C) and unmethylated
(red, 71.9 £+ 0.25 °C) target was hybridized to probe INA-2, giving a difference of 11.0 °C
(95% CI1[10.2; 11.7]).

Methylated DNA
200 1

150 Unmethylated DN

-dF/dT

50 1

60 65 70 75 80 85 90 95
Temperature (°C)

Figure 12. Melt peaks of methylated and unmethylated targets.

In Table 10 are described the melting temperature differences (ATm) of fluorescent
oligonucleotide probes bound to unmethylated (UM) or fully methylated (M)
complementary target, respectively. INA-1 and INA-2 increased the AT compared to Ref.

Probe | Mean ATm (°C)2 +ATm (°C)®  95% ClI

Ref 43+0.1 - -
INA-T 8.6 +0.1 4.2 [4.0; 4.5]
INA-2 11.0+0.5 6.6 [5.5;7.7]

2 ATm=Tm(M)-Trm(UM)
b +ATm = ATm(INA) - ATm(Ref)

Table 10. Table of the melting temperature differences ([JTm) of fluorescent oligonucleotide
probes bound to unmethylated (UM) or fully methylated (M) complementary target.
Abbreviations: CI, confidence interval; INA, Intercalating nucleic acid; Tm, melting
temperature.
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2.6. Linear correlation between the number of methylated CpG sites and duplex

stability

The introduction of the initial methyl group to any of the cytosines within the MGMT
promoter sequence resulted in an increased binding affinity with the complementary Ref
probe, raising the Tm by approximately 2.1 to 2.9°C. The extent of the increase depended

on the specific position of the methyl group.

When utilizing INA-2, the comparative affinity enhancement was more substantial, with Tm

increases ranging from 5.3 to 5.7°C, again depending on the methyl-group's location.

Subsequent additions of methyl groups (from the second to the fourth) further enhanced the
affinity, resulting in an increment of approximately 0.6°C per SmC when using the Ref probe

and approximately 1.9°C per SmC when using INA-2.

Fig. 13 shows the linear regression on the number of methylated CpG sites (one to four sites)
and melting temperature of DNA duplexes using probe INA-2 (red), INA-1 (green), and Ref
(blue).
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Figure 13. Linear regression on the number of methylated CpG sites using the different
probes. Abbreviations: SmC, 5-methylcytosine; INA, Intercalating nucleic acid.
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2.7. EpiDirect® MGMT Methylation qPCR Assay verification

The EpiDirect® MGMT Methylation gPCR Assay exhibited a linear dynamic range spanning
from 100% to 2.5% methylation. A linear regression analysis of the data points yielded the
equation y = 6 - 2.9x, where y represents the ACt and x represents the logarithm (base 10)
of the percentage of methylation. The fit of this equation produced an R2 value of 0.976.
Each sample was evaluated in 10 replicates from multiple PCR runs. The data is illustrated

in Fig. 14.

y=6.04-291x R*=0.976
(]

05 1.0 15 2.0
log(% methylation)

Figure 14. Performance study from the EpiDirect® MGMT Methylation gPCR Assay:
linearity was observed from 100% to 2.5% methylation. Abbreviations: ACt: Differences
between threshold cycles.

The percentage methylation can thus be calculated from the ACt value by the equation:

ACt-6
% methylation = 10 -2.9

The assay was determined to have a consistent linear dynamic range when used with input
DNA concentrations ranging from 0.1 to 10 ng/uL of the sample. This corresponds to an
input range of 0.5 to 50 ng. Moreover, the PCR efficiency within this specified range was
measured at 97.2% in both the FAM™ and HEX™ channels.

The LOB was calculated to be ACt 5.0, which corresponds to 2.3% methylation. From this

value, the Technical LOD at a 95% confidence level was calculated to be ACt 4.9, equivalent
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to 2.4% methylation. When tested at 3% methylation, nineteen out of twenty replicates
resulted in ACt values below 4.9, demonstrating that the experimental LOD was confirmed

to be 3% methylation.

The assay’s methylation calling, based on twenty replicates, showed an average of 3.4% =+

0.78%.

For unmethylated DNA purified from FFPE, all twenty replicates had ACt values above the
LOD of ACt 4.9, correctly indicating that they were unmethylated.

Furthermore, when 3% methylated DNA was diluted into DNA purified from FFPE material,
nineteen out of twenty replicates were identified as methylated. The average percentage
calling for these replicates was 3.9% + 1.4%. Five ng of DNA was used as input for each

replicate. The data is shown in Fig. 15.
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Figure 15. Performance study from the EpiDirect® MGMT Methylation gPCR Assay:
experimental data for 20 replicates of unmethylated and 3% methylated DNA.
Abbreviations: ACt, differences between threshold cycles; FFPE, formalin-fixed paraffin-
embedded; LOD, limit of detection; M: MGMT methylated; UM: MGMT unmethylated.

2.8. EpiDirect® MGMT Methylation qPCR Assay validation

We conducted a comparison of the methylation calling performance of the EpiDirect®

MGMT Methylation qPCR Assay with two comparator methods:

o a methyl-specific PCR assay followed by gel electrophoresis (comparator

method 1);
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o aquantitative real-time MSP Assay (comparator method 2).

This comparative analysis allowed us to assess the accuracy and reliability of the EpiDirect®

assay in relation to these established comparator methods.

Out of the total 42 samples, 31 of them exhibited consistent results across all three methods.
Six samples were identified as methylated, and 25 samples were determined to be

unmethylated by all three methods, as shown in Fig. 16.

Methylated samples Unmethylated samples

EpiDirect Method 2 EpiDirect Method 2

Method 1 Method 1

Figure 16. Validation data for the EpiDirect® MGMT Methylation qPCR Assay.

However, for the remaining 11 samples, there was not complete agreement among all three
methods. Specifically, five samples displayed agreement between the EpiDirect® MGMT
Methylation qPCR Assay and one of the other methods. Interestingly, the EpiDirect® Assay
detected an additional five samples as methylated, while these same five samples were
identified as unmethylated by the two comparator methods. According to the EpiDirect®
analysis, these five samples exhibited methylation levels ranging from 2.4% to 6.5%. A
visual representation of the percentage methylation calling by the EpiDirect® Assay and
comparator method 2 is depicted in Fig. 17 (the dots are colored according to the methylation

status of Method 1 ans an identity line (x =) is plotted as a black solid line).
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Figure 17. Scatter plot with the percentage methylation calling of EpiDirect plotted against
the percentage methylation calling of Method 2. Abbreviations: M: MGMT methylated; UM:
MGMT unmethylated.

When using comparative method 1 as a reference, the sensitivity of the EpiDirect® MGMT
Methylation qPCR Assay was calculated to be 0.82 (95% Confidence Interval [CI] [0.52;
0.95]), and the specificity was found to be 0.84 (95% CI1[0.41; 0.93]).

Alternatively, when using comparative method 2 as the reference, the sensitivity of the
EpiDirect® Assay was determined to be 0.75 (95% CI [0.36; 0.96]), and the specificity was
0.76 (95% CI [0.60; 0.88]). These values provide insights into the assay's performance in

relation to the two different reference methods.
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DISCUSSION

1. ABOUT miRNA EXPRESSION AND ITS CORRELATION WITH RESPONSE
TO STANDARD THERAPY

The ability to predict the effectiveness of available therapeutic options for managing GBM,
particularly chemotherapy and radiotherapy following surgery, is of utmost importance for

both clinicians and researchers.

Over the past decade, research has highlighted that specific molecular alterations can aid in
the early identification of patients who may benefit from tailored chemotherapies. One such
alteration is the analysis of MGMT promoter hypermethylation, which occurs in
approximately 40% of GBMs. This molecular marker allows for the identification of GBM
patients who are likely to respond positively to administration of TMZ. Indeed, it has been
established that the presence of MGMT promoter hypermethylation is a favorable prognostic
factor for GBM patients treated with TMZ [Stupp et al., 2005; Hegi et al., 2005; Sledzinska
et al., 2021; Lee, 2016; Chen et al., 2018]. Nevertheless, it has been observed that there is
still a subset of non-methylated tumors that can respond successfully to TMZ treatment.
Therefore, the identification of this subgroup of patients is of particular significance [Chen

etal., 2018].

This research proposal is situated within the broader context of investigating ways to predict
the effectiveness of therapeutic approaches for managing GBM. Recent findings have
indicated that small RNA molecules, known as miRNAs, can collectively downregulate the
expression of the MGMT protein. This downregulation is not a result of direct interaction
but rather involves one or several intermediate molecules. The outcome of this
downregulation is similar to the effects of MGMT promoter hypermethylation [Kirstein et

al., 2020; Hiddingh et al., 2014; Wang et al., 2019].

Moreover, it has been demonstrated that the presence of these specific miRNAs may be
associated with a positive response to TMZ treatment [Kirstein et al., 2020]. However,
existing research in this field has typically focused on the investigation of a single miRNA
in a single patient cohort or in vitro experiments, which could introduce potential bias based
on the unique characteristics of these cohorts. The available information on this topic is

relatively fragmented and preliminary.
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Therefore, our primary objective is to validate and build upon these promising and highly
relevant findings by analyzing multiple miRNA molecules within a cohort of patients who
have confirmed GBMs and have undergone treatment with chemo-radiotherapy following
surgery, in accordance with the Stupp Protocol [Stupp et al., 2005]. This comprehensive
approach aims to provide more robust and clinically applicable insights into the role of

miRNAs in GBM therapy.

In our current research, we are investigating seven distinct miRNAs and their potential role

in modulating MGMT.

Regarding these miRNAs, our observations have revealed that they do not all exhibit similar
trends. Two miRNAs, specifically miR-21 and miR-196b, are generally found to be
overexpressed in GBMs. In contrast, one miRNA, miR-767.3, is typically down-regulated

in GBMs. The remaining four miRNAs do not show significant variations.

This diversity in miRNA expression patterns highlights the complexity of the regulatory
mechanisms in GBMs and underscores the need for further investigation to understand how

these miRNAs might collectively influence the modulation of MGMT.

One of the noteworthy findings from our research is the significant correlation observed
between the reduced expression of four out of the seven miRNAs (miR-181c, miR-195, miR-
648, and miR-767.3p) and the presence of MGMT protein expression, as assessed through
IHC.

These findings align with previous research in the literature, which has reported that these
particular miRNAs are downregulated in patients who do not respond well to TMZ
treatment. These patients typically exhibit high MGMT expression as determined by IHC
[Slaby et al., 2010]. Additionally, it is worth noting that these miRNAs generally play a role
in inhibiting MGMT expression. Therefore, it is reasonable to infer that their reduced
expression is associated with normal MGMT expression, as indicated by IHC [Kreth et al.,
2013]. This correlation reinforces the significance of these miRNAs in the context of GBM

treatment response.

A second significant finding is the confirmation of the correlation between miRNA
expression and MGMT, as mentioned earlier, when examining MGMT methylation. In our

analysis, specifically focusing on miR-648, which is the only miRNA exhibiting a
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statistically significant association with both MGMT IHC and MGMT methylation, we
found that it is associated with the absence of MGMT methylation.

This observation aligns with existing literature, and it reinforces the earlier data related to
MGMT IHC. This is because MGMT IHC and methylation represent opposite situations
[Lakomy et al., 2011; Kreth et al., 2013]. In other words, both low miRNA expression and
the absence of MGMT methylation tend to lead to the expression of MGMT protein and,

consequently, a positive result in MGMT protein detection.

However, it is important to note that all the other miRNAs that demonstrated a statistically
significant association between their low expression and positive MGMT IHC (i.e., miR-
181c, miR-195, and miR-767.3) did not exhibit a significant association with MGMT
methylation. This discrepancy could be attributed to the fact that the miRNAs analyzed in
this study do not directly interact with MGMT but rather regulate MGMT indirectly through
other mediators. This indirect regulation may lead to different behaviors in relation to
MGMT. Similarly, this explanation can account for the observations that miR-181d and
miR196b expression are associated with MGMT methylation (miR-181d with low
expression in unmethylated cases and miR-196b with methylated cases) but do not show a

significant association with MGMT IHC.

Our study has yielded noteworthy findings in terms of clinical relevance of miRNA
expression with respect to OS and PFS. Initially, we were able to reaffirm the positive
correlation between improved OS and PFS (p =0.006 and p = 0.03, respectively) and MGMT
promoter hypermethylation. This confirmation supports the representativeness of our patient

cohort.

Furthermore, our research has also taken into consideration the varying outcomes associated
with different surgical approaches. Consistent with our previously published work and the
existing literature, patients who underwent a GTR exhibited a more favorable clinical
outcome in terms of PFS (p = 0.04) [Marchi et al., 2019]. This underscores the clinical

significance of the extent of surgical resection.

Additionally, a better clinical outcome was observed in patients with negative IHC results
(p = 0.01). This further validates the reliability of our analysis and underscores the inverse
correlation between negative IHC results and the presence of MGMT methylation,

reinforcing the clinical relevance of these molecular markers in predicting patient outcomes.
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Significantly, our study also aimed to establish a meaningful relationship between miRNA
expression and OS. In this regard, four out of the seven miRNAs analyzed exhibited
statistically discernible associations with OS: miR-21, miR-195, miR-196b and miR-648.
Interestingly, none of the miRNA analyzed displayed a statistical significant association with

PFS.

These findings provide robust evidence that miRNAs indeed play a pivotal role in the
modulation of MGMT and, consequently, have a substantial impact on the clinical outcomes
of patients with GBM. This reinforces the clinical relevance of miRNAs as potential

prognostic markers in GBM patient management.

2. ABOUT DIRECT PCR QUANTIFICATION OF METHYLATIONS USING
UNTREATED DNA

MGMT promoter methylation is so important for the management of GBM patients, that it
must be evaluated in every case. However, there are several issues, as it is an epigenetic

alteration that does not lead to any mutation in the DNA sequence.

There are several methodologies available on the market for the analysis of MGMT
methylation, none of them is considered the gold standard method, but all are characterized
by positive and negative features. All the methodologies are characterized by the same
requirement: the need of several hundreds of nanograms of DNA, a quantity that cannot be
always reached when only small biopsies are available. Furthermore, the most diffused one,
the methylation-spceific PCR, requires DNA conversion of unmethylated cytosines to
uracyl, a step that causes DNA damage leading a non-negligible portion of patients not
evaluable. The other one, pyrosequencing, requires a dedicated instrument, therefore it is

quite expensive and need trained operators, in addition to a modification step of the DNA.

Therefore, setting up a new procedure, faster than the current available, easy to be
implemented in every diagnostic laboratory and which does not require any step of DNA
modification, may represent a real improcement in the diagnostic workflow for assessing

MGMT promoter methylation.

This is what we have done, in collaboration with a Danish company.
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We have introduced an innovative platform for the analysis of DNA methylation, which
relies solely on qPCR technology. As far as our knowledge extends, this represents the first
gPCR method that does not require any form of pre-treatment, including chemical or
enzymatic conversion or digestion. This approach offers a novel and simplified way to assess

DNA methylation, potentially streamlining the analytical process in this field.

In our study, we observed a significant increase in melting temperature (Tm) when
transitioning from zero methylation sites to a single methylation site, with the Tm rising by
2.1-2.9°C in our non-INA®-modified setup. This increase was greater than the approximately
1.6°C increase reported in 2015 by Nardo et al. Similarly, as the number of methylation sites
increased from one to four, the Tm showed a rise of approximately 0.6°C per additional
methylation, which was again higher than the roughly 0.3°C increase per methylation
reported by Nardo et al. In 2021, another study by Tsuruta et al. reported an increase in Tm
of approximately 1°C per methylation. These variations can be attributed to factors such as
the buffer used for melt studies and the sequence itself, which can affect the Tm and account

for differences among these studies.

Nonetheless, a common observation from both our study and that of Nardo et al. is that the
Tm is more significantly influenced when transitioning from no methylations to one
methylation compared to the addition of further methylation sites, even though different
setups and sequences were employed [Grunau et al, 2001]. In our case, the use of INA®
technology allowed us to achieve a substantial increase in Tm, up to 5.3-5.7°C, by
introducing a single methylated cytosine into our target sequence compared to an
unmethylated target. Additionally, we observed an increase of 1.9°C per additional added

methylation, a finding that has not been previously reported.

In addition to the advantages we have discussed, it is important to acknowledge some
limitations related to the PCR conditions of the EpiDirect® assay. The MGMT sequence used
in this study requires a high annealing temperature of 76°C to achieve the highest specificity
towards the methylated target. Furthermore, the anchor sequence that anneals to the CpG
sites of interest is 14 nucleotides long. If it were longer or had a higher CpG content, the

annealing temperature for the PCR would be even higher.

To address the challenge of extreme PCR conditions, we included a single mismatch in the

anchor sequence, which effectively reduces the annealing temperature. Without this
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mismatch, the optimal annealing temperature was around 80°C, which posed significant
challenges for the PCR design. This strategy was employed to make the assay more feasible
and reliable under these demanding conditions, but it is important to be aware of the

influence of these design choices on the assay's performance.

The clinical validation of the assay revealed some variations between the methods,
particularly in cases where the methylation degree was low (less than 10%) according to the
EpiDirect® MGMT Methylation gPCR Assay and/or comparator method 2, which also

provides semi-quantitative results. Several reasons could explain these discrepancies:

o Differences in analyzed CpG sites: one key factor is that comparator method 1 and
EpiDirect® do not analyze the same CpG sites. Furthermore, the specific CpG sites
analyzed in comparator method 2 are unknown. The choice of CpG sites can

influence the results.

o Variability in cut-off values: EpiDirect® used a cut-off corresponding to the technical
LOD of 2.4% methylation, while comparator method 2 used a cut-off of >0.6%. In
contrast, comparator method 1 detected methylation by visual inspection of the gel,
and no specific cut-off in terms of the percentage of methylation was set. The
selection of cut-off values can have a significant impact on the interpretation of

results.

o Lack of global consensus: it is important to note that there is no global consensus on
the optimal cut-off for predicting the efficacy of TMZ and prognosis. A survey
published in 2019 found that the cut-off values used by various laboratories ranged
from 3% to 30% methylation when using pyrosequencing. This variability is

indicative of the lack of standardized criteria.

o Influence of DNA factors: bisulfite treatment, a key step in DNA methylation
analysis, can be influenced by various factors related to the DNA itself, such as

quantity and quality. These factors can contribute to variability in results.

o Treatment protocols: additionally, due to the severe nature of the disease, most
patients are typically treated with the same protocol, often following the Stupp
protocol, regardless of the status of MGMT promoter methylation. In many cases,
the MGMT methylation status is primarily used to predict the duration of treatment

efficacy rather than to guide treatment decisions.
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These considerations emphasize the complexity and variability in the interpretation of
MGMT promoter methylation data and highlight the challenges in establishing standardized

cut-off values for clinical decision-making in GBM management.
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CONCLUSION AND FUTURE PERSPECTIVES

As regards the first part of our work, the present study marks one of the pioneering scientific
attempts to investigate the expression of several miRNAs within the same cohort. As there
are currently no firmly established methods for the assessment of miRNA expression in
malignancy, including GBM, it is plausible to assume a potential bias when different
miRNAs are assessed in separate cohorts. We believe that the true clinical relevance of
miRNA expression may become evident through studies similar to the one presented here,
where multiple miRNAs are evaluated simultaneously. This approach can provide a more

comprehensive understanding of the role of miRNAs in malignancy.

Our findings remained consistent when we employed various cut-offs to assess miRNA
expression, which enhances the robustness of our conclusions. These results further
emphasize the clinical significance of miRNA expression as a potential alternative method

for assessing promoter methylation and its regulatory role in MGMT expression.

If our observations are validated in other cohorts, including possibly larger series of GBM
cases, our data suggest the potential for miRNA expression to play a future diagnostic role
in predicting the efficacy of chemoradiation in GBM. This promising avenue could have a
substantial impact on the management and treatment of GBM, with the potential to improve

patient outcomes through more personalized and effective therapeutic strategies.

Regarding to EpiDirect®, this innovative platform for DNA methylation analysis using
gPCR technology represents a significant advancement. As per the available information,
this is the first gPCR method that does not rely on any pre-treatment process, including
chemical or enzymatic conversion or digestion. This approach stands out for its unique
capability to analyze DNA methylation directly, streamlining the process and potentially
offering a more efficient and simplified methodology for researchers and clinicians involved

in DNA methylation analysis.

Our observations suggest that the integration of the EpiDirect® platform into diagnostic
routine could offer significant advantages. This innovative platform has the potential to save

valuable time in the laboratory, streamline the workflow, and eliminate the risk of
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incomplete or over-conversion of DNA during the bisulfite treatment process, which can

lead to inaccurate estimates of methylation percentages.

Moreover, the introduction of the EpiDirect® platform opens up possibilities for broader use
of methylation analysis. It may enable smaller laboratories with limited resources to
independently perform methylation analysis, thus expanding access to this valuable
diagnostic tool, also for the evaluation of other epimutation in the context of tumorigenesis
(i.e. MLHI1 promoter methylation in sporadic microsatellite unstable tumors, including
colorectal cancer and endometrial cancer). This not only enhances the efficiency and
accuracy of DNA methylation analysis but also promotes the spreading of these advanced
molecular techniques in clinical and research settings, even in emerging countries without

substantial financial resources.
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Non lo vince il vento
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Se a sud c’é qualcuno vicino alla morte, gli va a dire che non serve aver paura

Se a nord c’e una lite o una disputa legale, esclama: smettetela con tali sciocchezze
In tempo di siccita versa le sue lacrime

Questa e la persona
Che voglio diventare

99



