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Learning Objectives

• Describe the development and workflow of the DNA methylation 
classifier
• Determine the utility of the DNA methylation classifier in routine 

tumor diagnostics
• Recognize the pitfalls of the DNA methylation classifier and ways to 

overcome them



Outline

• What is DNA methylation?
• How was the classifier developed?
• How has the classifier been used in tumor diagnostics?
• When should we use the classifier?
• How has DNA methylation been included in the WHO?
• Diagnostic challenges when using DNA methylation
• Future uses of DNA methylation in tumor diagnostics
• Billing for the DNA methylation classifier



DNA methylation

• DNA methylation is the addition of a methyl group to DNA
• DNA is methylated at CpG sites throughout the genome
• It is an ancient evolutionary epigenetic modification involved in

• Chromatin structure
• Gene silencing
• Genetic stability

• This methyl mark is maintained throughout cell divisions establishing an epigenetic mark 
of the genome

• The genome-wide DNA methylation pattern is a composite of methylation patterns of 
the cell of origin and changes due to aging, environment, or mutations

• Methylation patterns of tumors remain preserved and accurately reflect the cell of 
origin, remaining stable throughout the course of disease

• Serves as an epigenetic fingerprint that can be utilized for tumor classification



Technical aspects of DNA methylation

• DNA methylation analysis scan be performed using 
• Whole genome bisulfite sequencing

• Most comprehensive
• Requires high quality DNA
• Costly
• Not suitable for FFPE tissue

• Target bisulfite sequencing
• Not compatible with FFPE

• DNA methylation array
• FFPE compatible
• Requires a relatively low starting DNA input
• Lower cost than other methods



DNA methylation array
• DNA is extracted using any method of DNA isolation
• DNA undergoes bisulfite conversion

• Any C that is methylated stays a C
• Any C that is unmethylated is converted to a U

• Array hybridized DNA is scanned 
• DNA from the tumor is added to the BeadChip (8 cases per chip)
• Individual beads hold oligos that identify the physical location on the BeadChip and a 50 base 

probe (beads for methylated and unmethylated)
• Probes are designed to be complementary to specific 50 base regions of bisulfite converted 

DNA
• After hybridization of probes, a single base extension of the probe incorporates a 

fluorescently labeled ddNTP
• The fluorescent signal is then measured
• Raw data files with intensity data for each probe are produced by the iScan 

system for analysis (idat file)
• This idat file is then processed through customized bioinformatics pipelines 
• The proportion of DNA methylation at a CpG site is known as the beta-value 

which is the ratio of methylated signal to unmethylated signal





Development of the classifier
• Established a reference cohort of CNS 

tumors
• Genome-wide DNA methylation

• WHO-defined CNS tumors
• Mesenchymal tumors 
• Melanoma
• DLBCL and plasmacytomas

• Unsupervised clustering performed 
within each entity and across 
histologically similar tumor entities
• 29 classes match a single WHO entity
• 29 classes were subclasses within a WHO 

entity
• 11 classes were not identical to a WHO 

entity
• 5 classes were not defined by the WHO Capper et al. 2018. Nature



Classifier development

• Machine learning random forest algorithm
• Generated 10,000 binary decision trees with data 

from all 2,801 reference samples
• Each tree assigns a given tumor sample to one of the 

91 classes resulting in an aggregate raw score
• Raw score transformed into a probability that 

measures the confidence of the class assignment
• AKA: calibrated score

Capper et al. 2018. Nature



How it works



Calibrated score Result

>0.9 Positive

0.3-0.9 indeterminant

<0.3 Negative

Classifier result T-sne

Copy number plot

Calibrated 
score



• Studies have been published 
showing that DNA 
methylation accurately 
reclassifies 14% of tumors

• These studies are biased 
towards difficult to diagnose 
cases



NYU prospective study to propose guidelines for use of 
DNA methylation in routine clinical practice

• Guidelines for the use of DNA methylation 
in clinical practice need to be developed
• We performed a prospective analysis of 

1921 brain tumors diagnosed at NYU 
• All tumors received the standard of care 

pathology diagnosis at the time of review 
and simultaneous whole genome DNA 
methylation profiling



• Our cohort consisted of 1602 WHO recognized diagnoses and 319 
descriptive diagnoses
• Of the 1602 WHO diagnoses, 225 (14%) of cases were a diagnostic 

mismatch with DNA methylation
• 110 cases received a diagnosis by DNA methylation that had 

prognostic significance
• 78 (5%) of cases did not match with any class by DNA methylation 
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DNA methylation 
accurately 
diagnosis 86% of 
tumors given 
descriptive 
diagnoses



Proposed criteria



WHO and DNA methylation

• DNA methylation defined entities
• High grade astrocytoma with piloid 

features (HGAP)
• Diffuse glioneuronal tumor with 

oligodendroglioma-like features 
and nuclear clusters

• Entities in which DNA 
methylation is included in 
diagnostic criteria

Diffuse Midline Glioma K27-altered



Diagnostically challenging scenarios

• The tumor does not classify with any class (score of <0.3)
• The tumor classifies with a class that makes sense but with an 

indeterminant score (0.3-0.9)
• The tumor classifies with a class that doesn’t make sense with an 

indeterminant score (0.3-0.9)



Reasons for poor classification

• Evaluating for lab error
• Reviewing H&E for tumor purity
• DNA methylation is robust with a tumor content of 50% or higher
• Infiltrating edge with normal can dilute the tumor content
• Necrosis without inflammation doesn’t have a strong impact

• Additional molecular testing



Diagnostic challenges
• Alterations for which the classifier was 

not trained can affect the classifier result

• We analyzed a cohort of 219 CNS tumors 
positive for fusion by RNA sequencing 
and with concurrent DNA methylation

• Tumors with disease defining gene 
fusions, for example BRAF-KIAA1549 in a 
pilocytic astrocytoma, were excluded 
from the cohort

• The cohort is comprised of cases from 
NYU, Cornell, MSKCC, and the NIH. 

• RNA sequencing was performed using 
NYU FusionSEQer (NYU), Oncomine 
comprehensive V2 (Cornell), Illumina 
Truseq (NIH), and Archer FusionPlex 
(MSKCC)



• NTRK fusions included many different partners and occurred across a wide variety of tumor types

• EGFR and MET fusions exclusively partnered with other genes on chromosome 7 and primarily occurred in 
glioblastomas

• BRAF fusions had a variety of different partners and occurred mainly in glioneuronal tumors and low grade 
gliomas 23



Fusions effect the classifier in two ways
•The diagnosis by histology and DNA methylation are 
concordant but below the calibrated score of 0.9
•The diagnosis is discordant between histology and DNA 
methylation



Tumors with multiple fusions

• We identified 6 tumors with multiple concurrent 
fusions

• Tumor on the left was diagnosed histologically as a 
low grade neuroepithelial tumor and classified 
poorly as a LGG_DNT with a score of 0.43

• Tumor on the right was diagnosed by histology and 
DNA methylation as a pilocytic astrocytoma with a 
calibrated score of 0.89

• Both tumors had 3 unique fusions involving 6 genes 
all on chromosome 7

25Galbraith et al 2023 Molecular cancer research
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Case 1• 76 year old male with PMH of well-controlled HIV, prostate adenocarcinoma, and adrenal 
insufficiency 

• Presented with 5 days of a right sided headache with accompanying right eye pain and 
tearing. 

• Imaging showed an infiltrative, expansile, heterogeneously enhancing mass in the 
anterior temporal lobe. A subtotal surgical resection was performed

Diagnosis: Glioblastoma, CNS WHO grade 4 



So what next…..
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GBM, 
mesenchymal



Copy number plot consistent with a glioblastoma
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• Review the t-SNE: does it cluster with the expected class?
• Review the copy number plot: Are expected alterations present?
• Review the tumor cellularity of the slide for DNA methylation

Classic histology: class match with a poor score
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• 24 year old female with a syncopal episode directly after cutting her hand in the 
kitchen.
• Follow up at her primary care physician showed evidence of vertical nystagmus.
• An MRI scan demonstrated a tumor in the left cerebellum and cerebellopontine 

angle

Case 2

Diagnosis: Pediatric diffuse glioma, low grade 
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DNA methylation results



LGG, PA, PF
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NYU Fusion SEQer
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• Fusion can cause a low score match with an expected class
• Low grade gliomas: NTRK fusions

Class match with poor score: Rare driver



Billing

• Current approaches include using a descriptive code or codes for 
MGMT or copy number analysis
• The process is underway to establish a specific CPT code dedicated to 

the DNA methylation classifier



Additional and future uses of DNA 
methylation
• Additional classifiers
• Kidney
• Sarcoma 
• Derm
• Cancer of Unknown Primary
• Lymphoma

• MGMT promoter methylation
• Copy number 
• MLH1 promoter methylation
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