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Omics to bridge the genotype – phenotype gap



- Mutation analysis
- CNV detection - Fusion detection

- Expression analysis

Omics to bridge the genotype – phenotype gap



Epigenetics

- modifications influence gene activity but do not change the actual genetic 
code (the A, T, C, G sequence).

- The Greek prefix epi- (ἐπι): "over, outside of, around" 

→features that are "on top of" or "in addition to" the traditional DNA-sequence-based 
mechanism of inheritance

- Epigenetics
- Presist through cell division
- Important during normal development > differentiation
- influenced by environmental factors

Epigenetic effects from dutch famine 1944-
1945 Epigenetic changes orchestrate differentiation

Butterfly metamorphosis – same genes



- Epigenetic modifications affect how tightly DNA is packed and how 
accessible it is to transcription machinery.

- Includes:
- Histone Modifications
- DNA Methylation
- Chromatin Remodeling
- Non-coding RNAs

Epigenetics

Zhou et al., Nature reviews 2010



DNA methylation across the genome

- involving the transfer of a methyl group onto the C5 position of the cytosine to 
form 5-methylcytosine. 

- 70-80% of methylation at CpG
- high frequency of CpG sites: CpG islands

CpG islands
>60% CpG
Promoter region

CpG  at other 
region in genome



DNA methylation regulates gene expression

- inhibiting the binding of transcription factor(s) to DNA
- recruiting proteins involved in gene repression: methyl-CpG-binding domain 
(MBD)
- Cross talk with other epigenetic mechanisms like histone modifications

methyl binding protein



DNA methylation is performed by DNA methyltransferases (DNMTs)

- De Novo methylation: DNMT3a/b
- add methyl groups to previously unmethylated cytosine bases
- Important for embryonic development, differentiation, genomic imprinting

- Maintenance methylation: DNMT1
- Copy methylation pattern of parental strand during DNA replication



DNA demethylation

- DNA demethylation
- Active: TET enzymes

- Through 5hmC intermediate
- Followed by base excision repair 

- Passive: preventing addition methyl group during replication
- Important during: cellular repair, neuronal function & memory, embryonic 

development,…



DNA Methylation in Cancer

- Disruption of DNA methylation can lead to cancer. For example: mutations in DNMT’s
- Global hypomethylation → genetic instability
- Hypermethylation of promoter regions of tumor suppressor genes
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How to detect DNA methylation?

A) Bisulfite based methods
B) Enrichment based sequencing methods
C) Enzymatic methyl sequencing
D) 3th generation sequencing



Bisulfite based methods

M

M
PCR

M

?

Bisulfite conversion is used to retain the methylation status during sequecing



Unmethylated cytosines (C) are 
chemically converted into uracils (U)

Uracils (U) are amplified as 
thymines (T) during PCR

Bisulfite based methods

Bisulfite conversion is used to retain the methylation status during sequecing



- Whole genome bisulfite sequecing
- Targetted bisulfite sequencing
- Reduced Representation Bisulfite sequening (RRBS)
- Array based methods

Bisulfite based methods

RRBS! Methylation specific probes



Illumina EPIC array

- 450K/930K unique methylation sites 
- Measure methylation at predefined CpG sites

FFPE
DNA extraction Bisulfite conversion Genome 

amplification
Fragmentation



Enrichment based sequencing methods

MeDIP-seq, MDB-Seq
- Use antibodies or proteins to bind to methylated DNA
- Lower resolution

MeDIP seq



Enzymatic methyl seq

- Enzymatic conversion
- Less DNA damage compared to bisulfite

Optionally: combine 
with targetted panel 

Human Methylome Panel



3th generation sequencing

- Oxford Nanopore sequencing
- PacBio SMRT Sequencing
- No PCR step! So methylation is not lost!

PacBio SMRT seq Oxford nanopore



Oxford Nanopore sequencing technology (ONT)

- Single DNA/RNA molecules pass through nanopores: measure of changes in ionic current
- Long reads (50 bp to >4 Mb)



ONT advantages

scalability



ONT adaptive sampling



Disadvantages ONT

- High error rate, mainly small insertions/deletions
- Requires high molecular weight DNA  - difficulties with FFPE matieral
- Higher cost compared to illumina



PacBio SMRT sequencing
- Long reads

- No PCR, direct modification detection

- HiFi reads are generated by combining information from multiple observations of a single 
DNA molecule – high accuracy!

- Cost per Gb: Higher than short-read platforms

- DNA input: Requires high-quality, high-molecular-weight DNA.

Modification detection!
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DNA Methylation as diagnostic tool
- Genome wide methylation profile is determined by

- Cell of origin
- Somatically acquired molecular changes

- DNA methylation is highly robust & reproducible even from small samples with poor quality

-  Used as finger print for subtyping of brain tumors, sarcoma’s, CUPs,…

- In WHO guideliness for CNS tumors

Louis et al. Neuro Oncol 2021. 



>100 known types of central neurvous system tumors

 - ranging from benign to highly malignant

 - inter observer variablitity based on histology

DNA Methylation for CNS tumor classification



>100 known types of central neurvous system tumors

 - ranging from benign to highly malignant

 - inter observer variablitity based on histology

Generation of methylation based classifier based on infinium methylation 450K array 

DNA Methylation for CNS tumor classification

Capper et al. 2018

MNP v11 classifier



- 2801 samples 
- 91 classes (82 CNS tumor 
classes + micro environment 
+ non malignant CNS regions)

Capper et al. 2018



Prospective validation of the MNP v11 classifier
- 1155 diagnostic CNS tumors

- 51 (4%) not suited for methylation due to low tumor content
- 977/1104 (88%) resulted in a classification score >0.9
- 835/1104 (76%) concordant with pathology
- 139 non concordant

- 129 revised (with change grading in 71%)
- 10 cases discrepant (<1%) 

Capper et al. 2018



Capper et al. 2018https://app.epignostix.com



Capper et al. 2018



MNP classifier is array based!

! Disadvantage: still array based!

- Labor intensive
- Minimum of 8 samples needed
- Expensive
- Long turn around time



Rapid CNS2: a nanopore based classifier

Goal:
- Methylation analysis
- Mutation detection
- CNV analysis
- MGMT promoter methylation detection

→ Through Nanopore sequencing

FFPE

Patel et al. 2022



- Trained on the MNP data v11
- Adaptive sequencing:

- Epic array sites
- Brain tumor NGS panel

- 37/45 samples concordant subclass to epic - MNP analysis
- 2 TERTp mutations, 1 IDH1 mutation missed → low tumor content?
- 24h sequencing on MinION sufficient 

Patel et al. 2022

Rapid CNS2: a nanopore based classifier



- Trained on the MNP data v11
- Adaptive sequencing:

- Epic array sites
- Brain tumor NGS panel

- 37/45 samples concordant subclass to epic - MNP analysis
- 2 TERTp mutations, 1 IDH1 mutation missed → low tumor content?
- 24h sequencing on MinION sufficient 

Patel et al. 2022

Could go 
faster?

Rapid CNS2: a nanopore based classifier



Sturgeon: classification during surgery

Brain tumor surgery: balance between maximizing tumor resection and 
minimizing risk of neurological damage and comorbidity

→ Based on pre-operative imaging and intraoperative diagnosis on histology 
on frozen section

medulloblastoma: limited pronostic 
improvement between near and total 
resection 

Posterior fossa ependymoma: total 
resection is very important!



Sturgeon: classification during surgery
- Nanopore rapid library preps allow very fast library prep
- During surgery: turnaround time of 90 min



Building a model on sparse data
- Classifier specific for sparse data!

→ 0.5 – 4% of CpG sites of 450k array, unknown which sites will be covered
- Trained the model on ‘simulated nanopore data’ based on the MNP micro array reference dataset

Vermeulen et al.,2023



F1 score = a measure of predictive performance

Building a model on sparse data

0.935 F1 score across all classes, at 40 min sequencing
0.984 F1 score at familiy level
Low scores are found for subclasses with higher similarity



Testing the model on simulated nanopore runs from array data
- For each array experiment: 500 simulated sparse nanopore runs
- Conclusive diagnosis reached within 25-50 min



Testing the model on nanopore data
- Correct with high confidence in 77% of samples
- Confidently incorrect in 0.03%
- 25 min minION sequencing



Sturgeon during surgery

- Correct classification in 72% (18/15) during surgery
- No clear classification for others: not present in reference set, low tumor purity



Expanded methylation classifier: v12.8 

-7495 CNS profiles
- 184 subclasses
- Four-tier system

- Superfamily
- Family
- Class
- subclass

Sill et al. 2025

2018 --> 2025: many EPIC data collected from all around 
the world
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MNP-flex: a platform agnostic classifier for CNS tumors

- Uses the entire MNP dataset to train new model
- Only samples with score >0.7 included
- Binarized methylation values to compensate for nuances of the 

different technologies
- Test the model on 448 samples of 5 different technologies

Patel et al.,2025

Number of samples:
- Nanopore WGS: 40
- WGBS: 80
- Methylation panels: 27
- Rapid-CNS:301



MNP-flex: a reliable platform agnostic model

176/182 subclasses show a F1 score >0.5
163/182 subclasses show a F1 score >0.9
Low scores are found for subclasses with low reference samples

Patel et al.,2025



MNP-flex: a reliable platform agnostic model

With a cut off of 0.3 for MNP-flex score:
 - 99.6% accuracy for methylation families
 - 99.2 for methylation subclass

Lower scores are 
associated with 
more missing sites

Patel et al.,2025



Integration of Rapid-CNS and MNP flex

Patel et al.,2025



Integration of Rapid-CNS and MNP flex

Patel et al.,2025



MNP 
(v12.8)/Epignostix

Rapid CNS2 Sturgeon MNP-flex

Most widely used, based on 
EPIC array

Faster and low throughput 
version of the MNP v11 
based on nanopore 

Build for sparse data The golden standard MNP 
classifier for all platforms

Use case Golden standard Fast results, during surgery 
possible

During surgery Post surgery, non array 
data

Training data 7495 methylation profiles MNP v11 MNP v11 MNP v12.8

n (sub)classes 184 91 91 184

Technique
Illumina EPIC array Nanopore Nanopore Platform agnostic

Adaptive sampling Adaptive sampling optional (WGBS, nanpore, targeted 
methylation seq)

Turn around time 2 weeks 4-5 days 90 min Depeding on technique –
days -> weeks

Accessibility Webbased
https://app.epignostix.com

Github, Nextflow Github Webbased
https://mnp-flex.org/

Input files IDAT modBams modBams Bed file, EPIC CpG sites, 
coverage, methylation 
percentage

Output Methylation class
CNV profile
MGMT

Methylation class
CNV profile
MGMT
SNV, SV

Methylation class
Live tool available 
(classification during 
sequencing)

Methylation class
MGMT

Publication Capper et al., 2018, Sill et al., 
2025

Patel et al., 2022,2025 Vermeulen et al., 2023 Patel et al., 2025





Methylation: diagnostically important for many tumor types
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