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Epigenetic changes in DNA methylation contribute to the development of many diseases, including cancer. In

glioblastoma multiforme, the most prevalent primary brain cancer and an incurable tumor with a median survival time of

15 months, a single epigenetic modification, the methylation of the  O -Methylguanine-DNA Methyltransferase  (MGMT)

gene, is a valid biomarker for predicting response to therapy with alkylating agents and also, independently, prognosis.

The progress from single gene to whole-genome analysis of DNA methylation has allowed a better subclassification of

glioblastomas.
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1. Techniques for O -Methylguanine-DNA Methyltransferase(MGMT)
Methylation Assessment in Glioblastomas

Methylation-specific PCR (MSP) is the golden standard for MGMT methylation assessment in glioblastomas .

MSP can rapidly assess the methylation status of any CpG site within a CpG island . In a first step, DNA is treated

with sodium bisulfite, resulting in the conversion of unmethylated cytosine into uracil while the methylated cytosine,

resistant to bisulfite, remains unaltered. Thus, MSP, as most of the techniques shown in  Figure 1, utilized for

investigating MGMT methylation status, requires bisulfite conversion of DNA.

Figure 1.  Graphic representation of  MGMT  gene regulatory region and output of the technologies used to

analyze  MGMT  methylation after sodium bisulfite conversion. (A)  MGMT  gene promoter (blue) and exon 1 (red) are

represented. Focus on bisulfite-converted sequence analyzed by different techniques: in yellow rectangles, primers used

to perform pyrosequencing; in blue rectangles, primers used in methylation-specific PCR (MSP); in green rectangles,
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primers used in real-time PCR. (B) Graphical representation of MSP output: a glioblastoma sample (S1), an internal

methylated (CT) and a non-methylated (CT-) controls, and a control without DNA (B) are depicted, each including a lane

signed with «+» (methylated DNA specific primers) and a lane signed with «−» (un-methylated DNA specific primers). (C)

Graph indicating  MGMT  methylation status predicted by methylome analysis. (D) Capillary electrophoresis indicating

output of pyrosequencing analysis of MGMT promoter methylation in 2 glioblastoma samples.

Polymerase chain reaction amplification is then performed with two sets of primers designed to anneal to methylated

cytosines or to the bisulfite-modified, unmethylated cytosines. Methylation status at a CpG site is determined by which

specific primer set achieves DNA amplification. MGMT methylation status is routinely investigated in glioblastoma utilizing

primers, decisively validated in clinical trials, interrogating, within exon 1, 9 CpG sites . PCR products are, finally, run

on agarose gels with appropriate negative and positive controls and samples approximately equivalent to the positive

methylated control are called methylated. Thus, MSP is a qualitative technique, the results of which are based on the

presence/absence of methylation in the regions where primers anneal. The technique does not allow the identification of

specific methylated cytosines or even just quantification of the exact number of methylated CpG sites. Even more

problematic, from a diagnostic point of view, it remains very difficult to determine validated, and standardized among

different laboratories, cut-offs for calling MGMT “methylated” or “unmethylated”. However, mostly because of its simplicity

and low cost, MSP is still the best method for MGMT methylation assessment in glioblastomas.

The more recently developed techniques are mostly utilized for research purposes or have been used in selected clinical

trials. As an example, a real-time, methylation-specific PCR assay has been utilized in a trial designed to correlate, in

newly diagnosed glioblastoma patients, the responses to dose-dense temozolomide with  MGMT  methylation .

Additionally, specificity was obtained by selective amplification of bisulfite-modified DNA, but a semiquantitative result was

achieved by normalizing the number of copies of methylated MGMT to the number of copies of a housekeeping gene .

MGMT methylation has also been quantified through a high-resolution melt analysis, comparing differences in melting of

unmethylated and methylated sequences to standards with known unmethylated to methylated ratio . Although

successful in predicting glioblastoma response to temozolomide, the methylation-sensitive high-resolution melt has not

been validated for investigating MGMT methylation in clinical settings, thus still lacking cut-off thresholds .

The only quantitative technique standardized across laboratories for investigating MGMT methylation is pyrosequencing.

Pyrosequencing, a “sequencing-by-synthesis” method, allows the sequencing of a single strand of DNA by synthesizing

the complementary strand and detecting which base is incorporated at each step by a DNA polymerase. When used with

bisulfite conversion and quantitative PCR, it can effectively determine the methylation status of each  MGMT  CpG

dinucleotides. The concordance between MSP and pyrosequencing has been reported to be high, at least in

assessing MGMT methylation in glioblastomas . Accordingly, a recent prospective multicenter trial ended up showing

that semiquantitative MSP and pyrosequencing are both successful in evaluating the predictive value

of MGMT methylation in survival, pyrosequencing having, in addition, the greater reproducibility among the participating

clinical centers. Conclusions partially disproven by three comparative studies finding that  MGMT  methylation status

assessed by pyrosequencing is, indeed, more reliable for predicting the survival of glioblastoma patients . In

waiting for more conclusive studies, pyrosequencing remains, today, largely too costly to be utilized routinely in clinical

settings.

All the above-mentioned techniques require DNA treatment with sodium bisulfite. In order to skip this time-consuming and

often poorly efficient step, methylation-specific multiplexed ligation-dependent probe amplification (MS-MLPA) has been

explored as a method for investigating  MGMT  methylation. MS-MLPA, the gold standard technique for studying

methylation of imprinted genes in patients with suspected imprinting disorders, is based on the use of the restriction

endonuclease HhaI, sensitive to methylation in its GCGC restriction site. In MS-MLPA, if the CpG locus is not methylated,

the enzyme cleaves the restriction site, resulting in a lack of PCR amplification; if the CpG locus is methylated, the HhaI

restriction site is not digested, resulting in the generation of a PCR product. In comparative studies, MS-MLPA has given

information on MGMT methylation status concordant with that obtained with other techniques, including MSP .

Despite other noteworthy features, such as the capacity to give semiquantitative results, MS-MLPA is not, however, the

standard diagnostic method for MGMT methylation status screening, this being to date, as stated above, MSP.

2. Whole-Genome Methylation Profiling (Methylome) of Glioblastomas

The whole-genome DNA methylation profile (methylome) of a tumor is the result of both somatically acquired changes and

of features reflecting the cell of origin . Thus, methylome analysis has been successful in both subclassifying tumors
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previously considered homogeneous diseases and in tracing the origin of undifferentiated metastases of cancers of

unknown primary .

As shown in  Figure 2, the entire epigenomic tumor profile can be investigated using different genome-wide, high-

throughput platforms, such as the Illumina Infinium HumanMethylation450 BeadChip (450 k) or the newest Methylation

BeadChip (EPIC) array, covering 850,000 CpG sites.

Figure 2.  Methylome workflow and data analysis: schematic representation of the analytic steps to perform the EPIC

array. DNA is converted with sodium bisulfite, pre-amplificated and fragmented. DNA is, then, hybridized on a specific

array with specific probes recognizing the single CG both if methylated or if not methylated. The technology analyzes

850,000 CpG sites tracing a sort of tumor barcode. Output raw data are analyzed using different bioinformatic pipelines to

extrapolate information useful for the characterization of the tumor, such as the methylation status of the MGMT gene, the

copy number variations (CNVs), the co-deletion 1p-19q, the presence of functional mutations in the  Isocitrate
Dehydrogenase (IDH) 1 and 2  genes. Using a specific comparison algorithm, the analyzed methylomic profile is

compared with others present in the database for a more precise classification of the tumor.

In a pivotal paper, the re-classification of CNS tumors on the basis of their methylation signature resulted in a change of

diagnosis in up to 12% of the cases, demonstrating how informative the methylome is . Moreover, using ad hoc

bioinformatic pipelines, information can be extrapolated, by the whole-genome data, about the methylation status of every

single gene, including  MGMT, and about gene “copy number variation” (CNV). By CNV analysis, large chromosomal

rearrangements and loss or acquisition of material for single genes and/or entire chromosomes can be readily recognized.

More narrowing bioinformatic pipelines can be used to also assess the co-deletion 1p-19q, a prerequisite for

oligodendroglioma diagnosis, or the therapeutically targetable Epidermal Growth Factor Receptor (EGFR) amplifications.

Methylome profiling of glioblastoma is costly and technically challenging, and its reliability also depends on the percentage

of tumor cells present in the analyzed tissue. On the one hand, thus, the quantitative measurement of DNA methylation by

genome-wide, high-throughput platforms is not, at the moment, affordable for all the clinical centers; on the other hand, it

is a plus that some centers, including ours, do use in clinical practice to give more, useful information for glioblastoma

management .

To improve the whole-genome DNA methylation-based classification of glioblastomas, the pitfall of their highly

heterogenicity has to be further dealt with. In glioblastoma, tumor cells with different characteristics have been identified,

recapitulating neural development and, thus, named, on the basis of their major genotypic and phenotypic features, as

neural-progenitor-like, oligodendrocyte-progenitor-like, astrocyte-like and mesenchymal-like cells . Each

glioblastoma comprises cells belonging to the four types, although at different frequencies. Adding complication, during

tumorigenesis, plasticity has been demonstrated between tumor cell types, modulated by genetic drivers and influenced

by the tumor microenvironment . Thus, glioblastomas are highly heterogenous, both at the molecular and at the cellular

level, and there is high variability both within and between tumors.

Additionally, DNA methylation is highly variable in glioblastomas, with, remarkably, some samples exhibiting higher

differences in DNA methylation within tumors than between tumors. Moreover, within a tumor, a high percentage of CpG

sites have different methylation levels . Such a high variability has to be borne in mind when DNA methylation is used

for tumor classification and subtyping. Numerous approaches are under investigation to tackle the problem, including,

intuitively, the analysis of more than one biopsy taken from different areas within the tumor mass or the more complex

studies on single tumor cells, expanded in culture as single-cell clones . Still, to date, glioblastoma intratumor
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heterogeneity negatively impacts the methylome profile-based classification, and more research is needed to further

improve the usefulness of these molecular investigations for clinicians. Moreover, whole-genome analyses also need

improvement to address the role of non-CpG methylation in the development and progression of cancer, including

glioblastoma . Parenthetically, glioblastoma heterogenicity can also affect the prognostic/predictive value of

the MGMT gene methylation status . To improve, a novel analysis, considering separate cut-off values for calling each

individual CpG as methylated or unmethylated in the MGMT gene, has been proposed .

3. DNA Methylation Analysis of Glioblastomas by Nanopore, “Third-
Generation” Sequencing

Nanopore sequencing, as shown in  Figure 3, is a new technology that works by registering changes to an electrical

current as nucleic acids, DNA or RNA pass through a protein nanopore . The resulting signal is directly decoded to

provide the specific sequence.

Figure 3. Nanopore sequencing strategy. As the first step, the genomic DNA is fragmented and then subjected to end

repair and dA tailing. To allow DNA passage through flow cell pores, DNA is ligated to a protein adapter. Each flow cell

may contain from 512 to 10,700 channels that may be potentially suitable for sequencing from 10–20 Gigabases to up to

100 Gigabases. Each channel is linked to a specific electrode, and a constant voltage is applied across the membrane.

When double-stranded DNA molecules cross the pores, the voltage changes according to the specific single nucleotide

passing the membrane. The difference in electric potential between the two sides of the membrane is converted into the

specific nucleotide that may be identified in real-time during nanopore runs.

Thus, nanopore sequencers allow real-time analysis of DNA or RNA fragments and, importantly, provide the longest read

lengths, up to 2 Mb. Moreover, the library preparation is relatively easy and of great relevance for DNA methylation

studies; nanopore sequencers can detect 5-methylcytosine modifications in native DNA without the need for the time-

consuming and often inefficient bisulfite conversion. Even though the smaller, more handy devices, such as the portable

MinION, yield low-coverage sequences, first evidence has been published showing how nanopore technology, if well

implemented, can be utilized for brain tumor characterization. A pilot study on 45 glioma samples has demonstrated that

nanopore sequencing allowed to classify brain tumors on the basis of the whole-genome DNA methylation profile with

precision comparable to the EPIC array . Moreover, nanopore detected MGMT  promoter methylation with the same

accuracy as pyrosequencing and EPIC array in all the investigated cases . Thus, in the near future, nanopore

sequencing might indeed be a lower cost and less time-consuming alternative method for  MGMT  gene methylation

assessment and for methylome-based classification of glioblastomas.

Nanopore potentials have been further improved by the nanopore Cas9-targeted sequencing (nCATS) strategy. nCATS

uses Cas9 to specifically target and cut chromosomal DNA, then ligate adapters for nanopore sequencing. nCATS can

simultaneously assess single-nucleotide variants, structural variations and CpG methylation . Accordingly, nCATS has
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been successful in simultaneously detecting methylation of the MGMT gene and mutations in  Isocitrate Dehydrogenase
(IDH) 1/2 genes, these necessary for better narrowing glioblastoma diagnosis .

The nanopore’s peculiar ability to generate sequences in real-time and, moreover, without the need of the time-consuming

bisulfite DNA conversion procedures, opens even more opportunities for better managing brain tumors. Thus, nanopore

has been successfully used to obtain intraoperatively whole-genome methylation profiles of brain tumors, including

glioblastomas . Intraoperative nanopore sequencing combined with machine learning diagnostics has allowed tumor

classification, concordant with those obtained upon a complete, standard neuropathological evaluation, in 89% of the

cases . Importantly, the results were returned to the neurosurgeon at a median of 97 min . Knowing intraoperatively

precise tumor typing is key for the surgeon to decide the better surgical strategy, a great help in choosing between

maximal resection, whose benefits depend, indeed, on the tumor characteristic, and the risk of severe brain damage.

Strikingly, an intraoperative diagnosis of a low-grade glial-neuronal tumor can even lead to the decision that cytoreduction

is not indicated. On the other hand, multiple lesions, intraoperatively diagnosed as multifocal diffuse gliomas, can stop the

surgeon, as the risks of radical resections outweigh the expected benefits.

Besides the more futuristic applications such as the intraoperative use, overall, it is predictable that nanopore sequencing,

thanks to its peculiar ability to provide, more quickly and effortlessly, information on gene mutation and methylation, will be

soon a broadly used alternative to more conventional sequencing methods.
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