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Abstract

Aims: The methylation status of the O6-methylguanine-DNA methyltransferase (MGMT)
promoter region is essential in evaluating the prognosis and predicting the drug response
in patients with glioblastoma. In this study, we evaluated the utility of using nanopore
long-read sequencing as a method for assessing methylation levels throughout the
MGMT CpG-island, compared its performance to established techniques and demon-
strated its clinical applicability.

Methods: We analysed 165 samples from CNS tumours, focusing on the MGMT CpG-
island using nanopore sequencing. Oxford Nanopore Technologies (ONT) MinlON and
PromethlON flow cells were employed for single sample or barcoded assays, guided by a
CRISPR/Cas9 protocol, adaptive sampling or as part of a whole genome sequencing
assay. Methylation data obtained through nanopore sequencing were compared to
results obtained via pyrosequencing and methylation bead arrays. Hierarchical clustering
was applied to nanopore sequencing data for patient stratification.

Results: Nanopore sequencing displayed a strong correlation (R = 0.91) with pyrose-
quencing results for the four CpGs of MGMT analysed by both methods. The MGMT-
STP27 algorithm’s classification was effectively reproduced using nanopore data. Unsu-
pervised hierarchical clustering revealed distinct patterns in methylated and unmethy-
lated samples, providing comparable survival prediction capabilities. Nanopore
sequencing yielded high-confidence results in a rapid timeframe, typically within hours
of sequencing, and extended the analysis to all 98 CpGs of the MGMT CpG-island.
Conclusions: This study presents nanopore sequencing as a valid and efficient method
for determining MGMT promotor methylation status. It offers a comprehensive view of
the MGMT promoter methylation landscape, which enables the identification of poten-
tially clinically relevant subgroups of patients. Further exploration of the clinical implica-

tions of patient stratification using nanopore sequencing of MGMT is warranted.
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INTRODUCTION

Glioblastoma (GBM), IDHwt is the most common aggressive primary
malignant brain tumour in adults [1] with a median survival of about
15 months [2]. Standard treatment for GBM involves surgical re-
section followed by a combination of radiation and chemotherapy.
The frequently used chemotherapeutic drug temozolomide (TMZ) is
an alkylating agent that induces methylation of O-6 guanidine resi-
dues in dividing cells, leading to DNA damage and apoptosis [3].
Although often well tolerated, TMZ can cause a range of side effects.
TMZ is therefore suggested to be limited to patients who are likely to
benefit from it and withheld from patients who most likely will experi-
ence side effects without improvement in survival [4]. The alkylating
effects of TMZ are countered by the DNA repair protein
0-6-methylguanine-DNA methyltransferase (MGMT). Methylation of
the MGMT promoter is believed to silence its expression, thereby
increasing the sensitivity of GBM tumour cells to TMZ [5]. The pres-
ence of MGMT promoter methylation has been associated with
increased survival in GBM patients treated with temozolomide and
radiation therapy [6]. MGMT promoter methylation status is therefore
an important factor for the management and treatment of GBM [7].

Various methods are utilised to directly measure or estimate
MGMT promoter methylation, including methylation-specific PCR,
pyrosequencing, Sanger sequencing or methylation bead array [8, 9].
All these methods rely on bisulfite conversion of native DNA and PCR
amplification prior to analysis and only include a subset of the 98 CpG
sites in the CpG-island of MGMT [10] (Figure 1A). For example, the
Qiagen MGMT pyrosequencing kit, which is widely used in the clinical
setting, detects methylation on 4 CpG sites (76-79) in the MGMT
CpG island. In addition, there is neither a clear consensus on the best
cut-off values for the classification of clinically relevant methylated or
unmethylated samples nor on the optimal method to use [14]. In
recent years, advances in sequencing technology have enabled more
sensitive and accurate detection of DNA methylation. Nanopore
sequencing, which uses a nanopore-based sensor to detect changes in
electrical current as nucleic acids (DNA or RNA) pass through a pore,
can detect epigenetic modifications, such as methylation, directly from
the raw current signal [15]. Due to the long-read nature of nanopore
sequencing, it also affords methylation analysis of far longer
sequences than methylation-specific PCR, pyrosequencing or methyl-
ation bead arrays. Consequently, nanopore sequencing offers an over-
view of the methylation status of all CpGs of the MGMT CpG-island,
using native genomic DNA without bisulfite conversion, which can be
both time and cost-efficient in a clinical setting [16]. Recently devel-
oped enrichment methods such as nanopore Cas9 targeted sequenc-
ing (nCATSs) [17] and adaptive sampling (AS) [18] can be used to direct
the sequencing effort to specific genomic regions. In this study, we
compared the results of nanopore sequencing of the MGMT promoter
region of 165 samples from central nervous system (CNS) tumours,
including 103 GBMs, with results obtained from standard diagnostic

methods such as pyrosequencing or lllumina 850 K bead array.

Key points

¢ Nanopore sequencing can reliably determine MGMT pro-
moter methylation status.

e The analysis is extended to all 98 CpGs of the MGMT
CpG-island.

¢ Nanopore sequencing data identifies distinct methylation
patterns, potentially guiding personalized treatment

strategies.

MATERIALS AND METHODS
Patients and samples

Samples from four independent cohorts were included in this study:
(1) retrospective analysis of DNA from 64 CNS tumour samples pro-
vided by the Institute for Cancer Genetics and Informatics, Oslo Uni-
versity Hospital, that were screened for MGMT promoter methylation
using the Qiagen® MGMT pyrosequencing kit (MGMT pyro kit). These
samples are referred to as ‘Retrospective nCATSs’; (2) retrospective
analysis of 67 sequences generated as part of the Rapid-CNS adaptive
sampling pipeline [19] analysed by Illumina® methylation 850 K bead
array. These samples are referred to as ‘Rapid-CNS’; (3) DNA
extracted from 16 glioma biopsies from patients operated at Oslo Uni-
versity Hospital. A separate biopsy derived from paraffin-embedded
tissue was analysed with the Qiagen® MGMT pyrosequencing kit at
the Department of Molecular Pathology, Oslo University Hospital.
These samples are referred to as ‘Prospective nCATs’; (4) DNA from
18 CNS tumours was extracted and sequenced in total as part of a
whole genome sequencing project. These samples are referred to as
‘WGSeq’. Table S1 provides an overview of all samples used in this
study. Written, informed consent was obtained from patients at the
time of surgery and reviewed by the ethical review board at
the respective institutions. Samples were collected through both new
and previously published studies and approved according to Regional
ethical board numbers S-06046, 2016/1791 and 388359 [19]. In
total, 165 samples were analysed for MGMT promoter methylation
status, including 103 GBM IDHwt and 28 IDHmut glioma samples.
Figure 1B shows the distribution of sample classification and prede-
termined methylation status. Two methods were used to enrich the
region of interest: CRISPR/Cas9-targeted sequencing of the MGMT
promoter region [20] and adaptive sampling. Cas9 targeted sequenc-
ing was applied to 80 samples, 45 of which were run as single samples
and 36 were run as multiplexed groups of five. Sixty-seven samples
were previously analysed as part of an adaptive sampling pipeline. The
remaining 18 samples were analysed as part of a whole genome

sequencing panel.
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FIGURE 1 (A) Schematic overview of the 98 CpG sites of the MGMT CpG-island with relevant functional areas including the transcription

start site (TSS), minimal promoter and enhancer as defined by Harris et al. [11, 12] as well as the differentially methylated regions (DMR) one and
two as described by Malley et al. [10]. The two CpG sites used by the MGMT-STP27 classifier [13] and the four CpG sites included in the Qiagen®
MGMT pyrosequencing kit are shown below. (B) Distribution of diagnosis and known methylation status of the sample cohort. (C) Median
methylation coverage of the 98 CpG sites in the MGMT promoter region of methylated and unmethylated samples by method of acquisition
(adaptive sampling, multiplexed nCats, single sample nCats and whole genome sequencing)

Sample preparation and nanopore sequencing

Between 10 and 25 mg of fresh/frozen tissue was used to extract
genomic DNA (Merck’s GenElute™ Mammalian Genomic DNA Mini-
prep kit) following the manufacturer’s protocol. The purity and con-
centration of DNA samples were determined using NanoDrop™ One

and Qubit™ 4 Fluorometers (Thermo Fischer Scientific).

nCATs

Cas9-mediated targeted sequencing was performed with the Cas9
Sequencing Kit (Oxford Nanopore Technologies) according to the
manufacturer’s protocol (version ENR 9084 v109 revR 04Dec2018).
Briefly, Cas9 ribonucleoprotein complexes (RNPs) were created by

mixing equimolar concentrations (100 uM) of CRISPR RNA (crRNA)
and trans-activating elements (tracrRNA) to HiFi Cas9 enzyme (IDT).
Dephosphorylated gDNA (2-5 pg) was cleaved and dA-tailed with
Cas? RNPs and Taqg polymerase. Finally, sequencing adaptors were
ligated to the cleaved fragments, and the final DNA library was puri-
fied with AMPure XP beads (Beckman Coulter). Barcodes were
applied to several samples to allow the multiplexing of five samples
based on an experimental protocol from Oxford Nanopore Technolo-
gies (UNPUBLISHED Cas9 Native Barcoding, version: cas-native-bar-
coding-v1-revA). Purified DNA libraries were loaded onto R9.4.1 flow
cells on MinlON Mk1B or Mk1C devices and sequenced for 4-24 h.
Individual flow cells were flushed and re-used up to four times for sin-
gle samples and twice for multiplexed samples. A minimum pore count
of 300 was deemed sufficient for a single sample, and 800 for multi-

plexed samples.
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Whole genome sequencing

Whole genome sequencing of CNS tumour DNA was performed with
the ligation sequencing kit SQK-LSK114 and protocol (version: sgk-
Isk114 GDH 9173 v114 revH 10Nov2022 promethion) from ONT.
Libraries were loaded onto R10.4.1 PromethION flow cells (one sam-
ple per flow cell) and sequenced for 72 h.

RAPID-CNS

Raw fast5 sequences of all fragments mapping to the MGMT promoter
in the Rapid-CNS [19] data were provided for re-analysis.

Primers

All primers were purchased from Integrated DNA Technologies
(Leuven, Belgium). Previously published primers were initially used to
target the MGMT promoter region [20], termed MGMTleft-1
(ATGAGGGGCCCACTAATTGA) and MGMT-right-1 (ACCTGAGTA-
TAGCTCCGTAQ), yielding a fragment of 2,522 bp. In order to increase
cas9 efficiency and expand the size of the fragment, we added addi-
tional crRNA primers: MGMT-left-2 (GCCAACCACGTTAGAGA-
CAATGG), MGMT-right-2 (GTACGGAGCTATACTCAGGT), MGMT-
right3 (CTGGAATCGCATTCCAGTAGTGG) and MGMT-right-4
(ACTTCGCAAGCATCACAGGTAGG) resulting in a fragment of
4,800 bp.

Data analysis

Raw sequences were basecalled, methylation called and mapped
(hg38, chromosome 10) using the Guppy toolbox (version 6.4.6) from
ONT. Per site methylation values were extracted from modified BAM
files and aggregated across forward and reverse strands using the
modkit toolbox (version 0.2.2) from ONT. All statistical analyses were
performed in R (version 4.2.1). The source code and data to reproduce
all analyses and figures from this manuscript are available at Github
(https://github.com/SkabbiVML/MGMT_R).

RESULTS
Data acquisition

Sequence depth of the MGMT promoter region in the samples varied
based on method, sequencing time as well as DNA and flow-cell qual-
ity. This is reflected in the per-site valid methylation coverage (meth-
ylated bases + canonical bases). Single sample runs produced on
average more sequences in the region of interest and higher mean
methylation coverage (mean = 69.4, median = 28.1) than barcoded

runs (mean = 13.6, median =10.3) and adaptive sampling

(mean = 12.2, median = 9.8) (Figure 1C). No bias in sequencing depth
was observed between methylated and unmethylated samples across
Cas9 targeted or WGSeq samples, either single or multiplexed. How-
ever, a statistically significant difference in methylation coverage was
observed between methylated (mean = 15.9, median = 16.2) and
unmethylated (mean = 10.5, median = 10.6) samples analysed by
adaptive sampling (p = 0.012). This is likely due to the relatively high
number of IDHwt GBM samples among the unmethylated samples
(40 of 48, 83%) in comparison to the methylated samples (9 of
21, 43%). IDHwt GBM samples commonly exhibit loss of heterozygos-
ity on chromosome 10 and the MGMT gene [21].

Nanopore sequencing compared to established
methods

The MGMT pyro kit and the MGMT-STP27 classifier are common
methods to infer the clinically relevant methylation status of MGMT.
Both methods rely on a limited number of CpG sites. A subset of our
samples (‘Retrospective nCATs’, n = 64) was previously analysed
using the Qiagen® MGMT pyrosequencing kit (MGMT pyro kit), which
specifically measures CG methylation on four CpG sites in
Chr10:129467253-129467272 (hg38), which corresponds to CpGs
76-79 of the MGMT CpG-island. To directly compare the results of
nanopore sequencing and the MGMT pyro kit, we extracted methyla-
tion results for CpGs 76-79 with at least three valid methylation calls
per site (n = 62) from the nanopore data and compared them to meth-
ylation values obtained using the MGMT Pyro kit (Figure 2) on the
same DNA sample. Pearson’s correlation coefficient between
the methylation values of each overlapping CpG site between nano-
pore and pyrosequencing ranged from 0.89 to 0.94 (R? = 0.79-0.89)
(Figure 2a). Results from the MGMT pyro kit are typically returned as
an average methylation percentage of all four CpGs for classification
and clinical decision-making. When results were averaged across all
four CpG sites, the correlation increased to 0.95 (R?=0.91)
(Figure 2B).

An average methylation level of 210% using the MGMT pyro kit
is considered to be methylated [8, 22]. The ‘Retrospective nCATs’
samples offer a direct comparison between nanopore sequencing and
the MGMT-pyro kit, as the same DNA was analysed via both
methods. To compare classification results, a logistic regression model
was trained using the average methylation of CpGs 76-79 based on
nanopore sequencing and classification based on the MGMT pyro kit
as an indicator. An ROC curve of the fitted model showed an AUC of
0.992 (Figure 2C). The optimal methylation percentage by nanopore
sequencing to separate methylated and unmethylated samples as clas-
sified by MGMT pyro kit was 22% methylated (95% confidence inter-
vals <10% and >33% methylated). When this logistic regression model
was applied to the remaining samples to predict methylation status,
sensitivity and specificity were reduced with an AUC of 0.951. Two of
62 samples (3.2%) in the training set (Retrospective nCATs) and 12 of
the 98 remaining samples (12.2%) did not match the known MGMT
methylation status (Figure 2D).
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lNlumina® Human Methylation BeadChips (HM-27K, HM-450K
and HM-850K) are microarray-based platforms used to investigate
DNA methylation patterns in human samples. These platforms only
cover a subset of the approximately 30 million CpG sites in the human
genome [23]. To predict the clinically relevant methylation status of
MGMT, a regression model, MGMT STP27, has previously been devel-
oped. This model uses the methylation status of two array probes,
cg12434587 and cg12981137, as reported by Bady et al. [13, 24].
These probes correspond to CpG sites 31 and 84 in the MGMT CpG
island (Figure 1A).

The samples from the Rapid-CNS study (n = 67) were analysed
by lllumina® HM-850 K EPIC array in addition to nanopore sequenc-
ing, and the ground truth methylation status was derived from the
MGMT-STP27 classifier. To compare nanopore sequencing results to
the MGMT-STP27 classifier results, the methylation level of the two
CpG sites represented in the MGMT-STP27 algorithm was extracted
from the nanopore results, and the methylation percentage values
were plotted against each other (Figure 3A). The unmethylated sam-
ples generally show low methylation on both sites, while methylated
samples display a varied degree of methylation on both sites. A multi-
ple logistic regression model based on the methylation percentage of
CpG 31 and CpG 84 in the Rapid-CNS data with known status as the
indicator was generated. The AUC of the training model was 0.972
(Figure 3B). The model accurately predicted the MGMT known meth-
ylation status of 77 of the remaining 97 samples (80%) with an AUC
of 0.944 (Figure 3C).

Clustering based on nanopore sequencing separates
methylated and unmethylated samples

To investigate the impact of methylation at all CpG sites within the
MGMT CpG island, we compared the average methylation percentage
of each CpG site between methylated and unmethylated samples
(Figure 4A). These values demonstrated that the biggest differences in
methylation levels occur at CpGs 7 through 14 and 72 through 91.
Welch's two-sided t tests between methylated and unmethylated
samples were performed at every CpG site, and the results were
adjusted for multiple testing (Bonferroni method). Figure 4B shows
the adjusted p values for every site in the MGMT CpG-island. Interest-
ingly, low p values were observed at CpG sites 4 through 14 (excluding
CpG 7), which are far upstream of DMR1 and DMR2 (Figure 1A). Fur-
thermore, 19 CpG sites were found to have lower p values when com-
paring methylated and unmethylated samples than the CpG sites
included in the MGMT pyro kit (CpGs 76-79) or the MGMT-STP27
classifier (CpGs 31 and 84) Figure 4B.

Unsupervised hierarchical clustering based on all 98 CpG sites of
the CpG-island using Ward's method revealed two main clusters that
largely correspond to the previously determined classification as
MGMT methylated or unmethylated (Figure 4C). Unmethylated sam-
ples exhibited low methylation levels throughout the CpG island,

except for the first five CpG sites, which were often methylated

FIGURE 2 Comparison of nanopore sequencing and Qiagen® MGMT pyro kit of CpGs 76-79 in the MGMT CpG-island. Results show the per-site methylation percentage of each CpG (A) or
average values of four CpG sites analysed by the MGMT pyro kit (B) in the ‘retrospective nCATs’ samples. The black vertical line marks the 10% cut-off value between methylated and unmethylated
samples as measured by the MGMT pyro kit. (C) ROC curves for a logistic regression model based on average methylation of CpGs 76-79 by nanopore sequencing (retrospective nCATs, 60 samples)
with classification by the MGMT pyro kit as operator (solid black) and prediction of MGMT status of 98 samples (dashed grey). (D) Comparison of known MGMT status (methylated or unmethylated,
x-axis) based on the optimal average methylation threshold of CpGs 76-79 derived from the training samples (retrospective nCATs) and model predictions (other samples). The Y-axis represents the
average methylation percentage of CpG sites 76-79 based on nanopore sequencing. The dashed horizontal line represents the optimal threshold of 22% methylated, and the grey box represents 1-
95% confidence interval (<10% and >33%).

regardless of the overall methylation status of the sample. In contrast,
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methylated samples showed a larger gradient of methylation, with
higher levels of methylation towards either end of the MGMT CpG-
island.

Clustering based on nanopore sequencing data recategorized nine
samples, which have been previously classified as methylated, as oth-
erwise unmethylated samples. In turn, seven previously defined
unmethylated samples were recategorized as otherwise methylated
samples (Figure 4C).

The read depth of nanopore sequencing typically falls below stan-
dard sequencing methods. Therefore, we investigated how sequence
read depth impacts sample classification in nanopore sequencing. To

assess the influence of decreasing read depth in the MGMT CpG-

Known methylation status

(C)

island on sample classification, we conducted random downsampling
of all samples with over 20 reads. A graphical representation of meth-
ylation patterns, ranging from 100 reads to 10, 5, or 2 reads
(Figure S1A), indicates minimal deviation from the smoothed methyla-
tion profile until the read depth drops to only two reads. Subse-
quently, we reclassified the samples using the MGMT-Pyro logistic
regression model as described above. Among the 29 samples initially
classified as ‘unmethylated’ based on the full sequence depth,
27 (93%) maintained this classification after downsampling to 10 and
5 reads. Similarly, of the 13 samples initially classified as ‘methylated’
based on the full sequence depth, 11 (85%) remained stable through
downsampling to 5 reads (Figure S1B). To assess the impact of read
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FIGURE 4 (A) Dot plot showing the average methylation percentage of each CpG site in the MGMT CpG island. Error bars represent
standard deviation. (B) Dot plot showing Bonferroni adjusted p values of Welch's two-sided t test between methylated and unmethylated
samples for each CpG site. The grey vertical bar shows the location of CpG sites analysed by the MGMT pyro kit, and asterisks show the location
of probes included in the MGMT-STP27 classifier. The horizontal line depicts an adjusted p value of 0.01. (C) Unsupervised hierarchical clustering
of all samples based on nanopore sequencing of 98 CpG sites of the MGMT CpG-island (n = 165)

depth on hierarchical clustering based on methylation values of all (Figure 4C) using K-nearest neighbour (KNN) regression. All but two
CpG sites in the MGMT promoter CpG-island, we assigned samples samples (95%) retained their initial clustering from full read depth
with full or downsampled read depth to the two major clusters (>20 reads) to five reads in this approach (Figure S1C).
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Survival analysis of GBM patients based on nanopore
sequencing

MGMT promoter methylation is mainly relevant in the context of
IDHwt GBM patients. When hierarchical clustering was performed
with only GBM samples based on methylation in the whole MGMT
CpG-island, a pattern of separation between mostly methylated and
unmethylated samples was observed (Figure 5A). However, some dis-
crepancies were observed between predetermined MGMT methyla-
tion status and clustering by nanopore sequencing. Therefore, we
investigated whether clustering by nanopore sequencing was compa-
rable to established methods in predicting patient survival. We per-
formed survival analysis on 27 GBM patients under 75 years of age
(11 females, average age 58.4years and 19 males, average
age 60.2 years) undergoing resection followed by radiotherapy in
combination with concomitant and adjuvant temozolomide adminis-
tration. Biopsies were analysed by both MGMT pyro kit and nanopore
sequencing (Table 1). Patients were classified as methylated or
unmethylated based on the 10% cut-off value by the MGMT pyro kit
and by separation into the two major clusters by hierarchical cluster-
ing of nanopore sequencing data (Figure 5A).

Kaplan-Meier survival analysis showed a longer median survival
for patients who were classified based on the MGMT pyro kit as
methylated compared to patients classified as unmethylated
(Figure 5B, 23.8 months vs. 20.9 months). However, the difference in
survival did not reach statistical significance (p = 0.81). When patients
were classified according to clustering of nanopore sequencing data,
significantly longer survival was observed in ‘Cluster 2’ patients com-
pared to ‘Cluster 1’ patients (Figure 5C, 24.5 months vs. 21.1 months,
p = 0.0039). Clusters 1 and 2 largely represent unmethylated and
methylated patients based on MGMT pyro kit, respectively, with few

exceptions.

DISCUSSION

Ever since MGMT promoter methylation was discovered as a prognos-
tic marker for overall and progression-free survival in GBM [25, 26],
there has been an ongoing debate regarding the optimal method and
optimal cut-off to determine clinically relevant methylation of the
MGMT promoter (Table S2). Methylation-specific PCR, pyrosequen-
cing and methylation bead arrays are commonly used to determine
MGMT methylation status, but direct comparison of the results of
these methods have been discordant in up to a third of cases [8, 27, 28].
This is likely due to a lack of consensus between CpG sites queried by
different methods and different cut-offs applied. A recent meta-
analysis including 32 cohorts and 3,474 patients could not draw
strong conclusions on the optimal CpG sites to investigate or the opti-
mal cut-off to apply [14]. This underlines the need for thorough
method validation by every institution on their own patient cohort.
Considerable effort has been put into finding a minimal set of CpG
sites within the MGMT CpG island that can best predict MGMT
expression and/or patient survival [8, 24, 29-32]. This is partially due

JOURNAL OF THE BRI ALSOCIETY

to the necessity to provide simplified assays that fit the short-read
framework of bisulfite sequencing techniques. Most, if not all, clini-
cally established methods of MGMT methylation classification, such as
methylation-specific PCR, quantitative methylation-specific PCR,
MGMT pyro kit or the MGMT SPT27 classifier, rely on the methylation
status of a very limited number of CpG sites to predict the methyla-
tion status of MGMT. Although these assays have been shown to
largely agree on highly methylated or completely unmethylated sam-
ples, they are less reliable when it comes to moderately methylated or
so-called ‘grey-zone’ samples [33, 34]. The definition of the methyla-
tion ‘grey zone’ in the context of MGMT promoter methylation is
complicated by the multitude of methods currently in use for classifi-
cation. The hierarchical clustering of our samples based on nanopore
sequencing of the MGMT CpG-island (Figure 4C) indicates the pres-
ence of two distinct groups within methylated samples. However, our
data lack the necessary statistical power to evaluate differences in
patient survival between these clusters. It should be noted that nano-
pore sequencing data are comparable between platforms and assays;
pooling data from future studies will undoubtedly aid in determining
the true clinically significant cut-off for patient classification.

Analysis of MGMT methylation by nanopore sequencing has sev-
eral advantages over conventional techniques. First, nanopore
sequencing can detect epigenetic modifications on native DNA,
thereby circumventing the need for bisulfite treatment. This saves
time and reduces the potential risk of bias introduced by bisulfite
treatment and PCR that has been shown to underrepresent densely
hydroxymethylated (5hmC) regions [35]. Using native DNA without
manipulation or amplification minimises this bias and reduces the risk
of bias between sequencing data generated by different laboratories.
Second, the long-read nature of nanopore sequencing offers a com-
plete overview of methylation of the region of interest and can be
extended in either direction to include the shores and shelves of the
CpG-island. Regions outside the DMR2 are neglected by most estab-
lished assays but have been shown to discriminate the methylation
status of MGMT in GBMs [27]. Third, the flexibility of nanopore
sequencing makes it possible to incorporate MGMT methylation analy-
sis into assays such as whole genome sequencing, exome sequencing,
in silico enrichment (adaptive sampling) or cas9 targeted enrichment,
either as single samples or multiplexed. Finally, the up-front cost of
nanopore sequencing is low compared to other sequencing tech-
niques and can be established by smaller laboratories or clinics.

In this study, we analysed 165 CNS tumour samples using tar-
geted or whole genome nanopore sequencing and compared the
results to those acquired by pyrosequencing and methylation bead
arrays. We report a 95% correlation between nanopore sequencing of
the four CpG sites analysed by the MGMT-pyro kit and established an
optimal cut-off for nanopore sequencing of the same CpG sites to
recreate the pyrosequencing results with 97% accuracy. We also rec-
reated sample classification via methylation bead array and the
MGMT-STP27 classifier with nanopore sequencing data with 91%
accuracy. Thus, nanopore sequencing of the MGMT CpG island can be
used to recreate the methylation status classification of either the
MGMT pyro kit or methylation bead array and the MGMT-STP27
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FIGURE 5 (A) Heatmap showing unsupervised clustering of all glioblastoma samples based on nanopore sequencing of the MGMT promoter
(n = 103). Kaplan-Meier patient survival curves based on (B) MGMT pyro kit classification or (C) hierarchical clustering according to nanopore
sequencing (n = 27). The dotted lines represent group median survival (pyrosequencing-methylated = 22.5 months, pyrosequencing-
unmethylated = 17.9 months, Nanopore-Clusterl = 20.9 months, Nanopore Cluster2 = 23.0 months).

classifier with reasonable accuracy. In addition, nanopore sequencing expression [5]. Unsupervised hierarchical clustering of samples based
allowed the expansion of the area of analysis to include all 98 CpGs of on nanopore methylation data of the MGMT CpG-island showed clear
the MGMT CpGe-island as previously proposed to be critical for MGMT separation into groups that largely correspond to methylated and

Assay CpG sites

Unmethylated
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TABLE 1 Patients included in survival analysis R
Age Sex Resection OS (months) Status MGMT status (Pyro) NP cluster
60 M GTR 29.26 Dead Methylated 2
65 M STR 29.69 Dead Methylated 2
64 M STR 25.48 Dead Methylated 1
58 M STR 21.60 Dead Methylated 2
72 F STR 2121 Dead Methylated 2
58 F STR 13.61 Dead Methylated 2
66 M STR 21.96 Dead Methylated 2
51 M GTR 12.85 Dead Methylated 2
58 M STR 24.50 Dead Methylated 2
57 F STR 28.77 Dead Methylated 2
64 F STR 8.30 Dead Methylated 1
52 F STR 23.00 Dead Methylated 2
66 F STR 13.60 Dead Methylated 2
51 M GTR 26.00 Dead Methylated 1
46 F GTR 26.90 Alive Methylated 2
60 F GTR 21.20 Dead Methylated 1
66 M GTR 34.40 Dead Methylated 2
39 F GTR 26.30 Alive Methylated 1
29 M GTR 35.34 Dead Unmethylated 2
62 F STR 6.90 Dead Unmethylated 1
58 M STR 11.44 Dead Unmethylated 1
66 F GTR 14.99 Dead Unmethylated 1
73 M STR 20.91 Dead Unmethylated 1
57 M GTR 21.90 Dead Unmethylated 1
52 M GTR 26.30 Dead Unmethylated 1
49 M GTR 9.40 Dead Unmethylated 1
55 M GTR 27.70 Alive Unmethylated 2

unmethylated samples. Finally, we showed that patient survival pre-
diction based on the clustering of nanopore sequencing data was
comparable, if not superior, to classification via the MGMT Pyro kit.
To the best of our knowledge, this is the first study to examine all
98 CpG sites within the MGMT CpG island in multiple patient biopsies
by nanopore sequencing.

The results presented here demonstrate that nanopore sequenc-
ing of the MGMT promoter region can largely recreate the results of
established bisulfite-dependant methods while providing additional
data on the epigenetic regulation of MGMT and may provide novel cri-
teria for patient stratification. Although the sample size is small, our
results suggest that classifying patients via nanopore sequencing is as
reliable as classification with methods such as the MGMT pyro kit or
methylation bead arrays. Unsupervised hierarchical clustering of glio-
blastoma samples based on nanopore sequencing indicates the pres-
ence of one or more sub-groups within the previously defined
methylated samples. These groups are defined by both extent and
level of methylation. Further studies and larger patient cohorts are

needed to elucidate the functional implications of these sub-groups.

The study is not without limitations. Although 165 patients were
included for the evaluation of nanopore sequencing as a method to
analyse MGMT CpG-island methylation, only 103 samples were from
diagnosed GBM patients, and survival data from primary GBM
patients were only available for 27 patients. This limited our ability to
evaluate survival beyond the major groups. Our data do not include
an estimation of tumour-cell content in the biopsies and do not take
into account the possibilities of intratumoural heterogeneity for
MGMT promoter methylation, which has previously been shown to
affect some gliomas [36]. It is also important to note that high-quality
genomic DNA from fresh or fresh-frozen tumour tissue is crucial for
MGMT methylation analysis via nanopore sequencing. While the clus-
tering of nanopore sequencing data effectively distinguished between
methylated and unmethylated samples, notable discordances emerged
when compared to results obtained through conventional methods.
This discrepancy underscores the existing uncertainties inherent in
the current classification of MGMT methylation status and highlights
the need for additional investigations. The remarkable granularity of

nanopore data offers a promising foundation for refining classification,
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especially in borderline cases. Future studies leveraging the nuanced
information provided by nanopore sequencing have the potential to
enhance the accuracy and reliability of MGMT methylation status
determination.

We conclude that methylation status evaluation by nanopore
sequencing of the MGMT CpG island is comparable to established
methods while providing considerable additional information. This
is true for both cas9 targeted sequencing of the MGMT CpG-island
and inclusion of the MGMT promoter region into an adaptive
sequencing panel or whole genome sequencing. Distinct subgroups
within methylated samples were observed via nanopore sequencing
although any difference in patient outcome between these clusters
has yet to be determined. We provide a framework for how nano-
pore sequencing can be used to evaluate MGMT promoter methyl-
ation in the context of established methods (the MGMT-Pyro kit
and STP-27 classifier) or based on full sequencing of the MGMT
promoter CpG-island. We also provide methylation values for the
98 CpG sites in the MGMT promoter CpG-island in 165 samples.
Institutions and research groups interested in exploring the
applicability of nanopore sequencing for MGMT methylation are
encouraged to download our data and compare our results to their
own samples or established methods of MGMT methylation
detection.
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