
Background
Altered DNA methylation patterns have 
emerged as valuable biomarkers of disease 
pathogenesis, showing clear potential in 
diagnostics, sub-classification and predic-
tion of therapeutic response/ disease course 
[1–7]. However, clinical assessment of these 
altered patterns can be problematic, with 
sample materials often being degraded/
scant, such as formalin-fixed paraffin-
embedded (FFPE) tissue and core biopsies, 
and certain platforms, such as DNA meth-
ylation microarrays, having a requirement 
for batched assessments of relatively large 
numbers of samples. This compromises 
generation of data from real-world samples 
within clinically meaningful timeframes, 
hampering translation of research findings 
into routine practice.

In this project, we focused on developing a new 
DNA methylation state assay to provide molec-
ular subgrouping of cases of medulloblastoma 
(Fig. 1), the most frequently occurring malig-
nant brain tumour in children. This disease has 
an approximate incidence of 1.5 cases per mil-
lion, rising to 6 per million in children aged 1–9 
years. It also occurs in adults, although in this 
group it is around ten times less common [8].

Although rates of survival to 5 years and 
beyond following diagnosis are around 
65–70%, medulloblastoma still causes around 
10% of all childhood cancer deaths. Initial 
treatment generally consists of complete or 
near complete surgical resection followed by 
adjuvant treatment with both post-operative 
radiotherapy and chemotherapy. Despite the 
fact that survival rates have improved over 
past decades, the delivery of individualized 
therapies based on patient-specific disease-
risk profiles remains a major goal; intensified 
treatment for poor-risk disease, while reduc-
ing therapy for favourable-risk cases, with 
the overall aim of maximizing survival while 
minimizing late effects [9].

Medulloblastomas can be placed into one of 
four distinct subgroups, which are defined 
by specific methylomic, transcriptomic and 
genomic features. These are WNT, SHH, 
Group 3 and Group 4 [10]. Each group dis-
plays characteristic clinical and pathologi-
cal features, drug targets and outcomes, and 
contributes significantly to the 2016 World 
Health Organization (WHO) classification of 
brain tumours [11]. Molecular subgrouping 
is, therefore, an important step in determining 
the most appropriate course of treatment and 
follow-up for individual patients [12].

Mass spectrometry minimal meth-
ylation classifier (MS-MIMIC) assay
The assay we have developed and vali-
dated, MS-MIMIC, is a novel polymerase 
chain reaction (PCR)-based assay for the 
multiplexed assessment of multiple signa-
ture CpG loci. We first identified a DNA 
methylation signature of 17 CpG loci using 
genome-scale Illumina 450k DNA meth-
ylation microarray data from 220 medul-
loblastoma cases. The 50 most discrimina-
tory CpG loci for each molecular subgroup 
(200 loci in total) were considered as can-
didates for inclusion in the signature set. 
These were triaged using a 10-fold cross 
validated classification fusion algorithm, 
followed by a reiterative primer design pro-
cess where amenability to primer design 
and multiplex bisulfite PCR was assessed 
in silico before finally undergoing in vitro 
PCR validation.

Candidate signature CpG loci were then ana-
lysed by a specific custom iPLEX assay [13] 
(Agena Bioscience).  In this method (dis-
played schematically in Fig. 2), methylation-
dependent SNPs representative of CpG meth-
ylation status are induced by initial treatment 
of DNA with sodium bisulfite [14] followed by 
multiplexed target-region amplification PCR, 
then single base extension and termination 
of target-specific probe oligonucleotides. The 
products of this reaction are analysed using 
MALDI-ToF (matrix-assisted laser desorption 
and ionisation – time of flight) mass spec-
trometry (MassARRAY System, Agena Biosci-
ence). Each potential CpG locus variant yields 
a product with a unique and characteristic 
mass, enabling their rapid and unambiguous 
identification. MALDI-ToF analysis of single 
base variants is widely used to provide clinical 
DNA diagnostics in related genotyping appli-
cations [15], and is the key technical innova-
tion which enables the robust assessment of 
medulloblastoma molecular subgroup, espe-
cially for samples which are refractory to anal-
ysis using conventional DNA methylation-
array based methods.

Using these techniques, we generated an 
optimal, multiply-redundant 17-CpG 
locus signature and a robust assay for its 
detection.

Rapid and reliable detection of  
medulloblastoma-associated DNA  
methylation patterns: MS-MIMIC
Disease-associated variations in DNA methylation profiles hold significant 
potential for diagnostic and research applications. Unfortunately, 
scant and degraded samples often limit the analyses which can be 
performed. To overcome these issues, we developed Mass Spectrometry 
Minimal Methylation Classifier (MS-MIMIC) to identify then reliably 
analyse disease-specific DNA methylation profiles. The technique has 
now been validated in a cohort of pediatric medulloblastoma cases.
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Figure 1. Medulloblastoma. T1-weighted sagittal 
MRI scan following gadolinium. (Image kindly 
provided by Prof. Simon Bailey, Great North 
Children’s Hospital and University of Newcastle 
upon Tyne, UK).
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A Support Vector Machine (SVM) classifier 
for the signature was then developed, using 
the existing 450k DNA methylation array data 
as a training set. SVM is a supervised machine 
learning technique commonly used in multi-
ple areas of data analysis, including analysis of 
microarray data [16], making it well-suited to 
this application. Crucially, it returns a probabil-
ity of group membership, enabling the assess-
ment of confidence of subgroup assignment.

Next, we assessed MS-MIMIC performance 
against Illumina 450k methylation microar-
rays using an independent validation cohort 
of 106 medulloblastoma DNA samples 
which contained examples of all four medul-
loblastoma subgroups. These samples were 
also derived from tissue which reflected dif-
ferent clinical fixation methods commonly 
in use; fresh-frozen biopsies (n=40), FFPE 
tumour section (n=39), or FFPE-derived 
nuclear preparations [17] (n=27) produced 
by cytospin, a pre-analytical method that 
uses centrifugation to create a monolayer of 
cells for analysis on a slide from a low-con-
centration cellular suspension sample [18]. 
In this validation cohort, MS-MIMIC faith-
fully recapitulated DNA methylation array 
molecular subgroup assignments.

Quality control measures for CpG locus-
specific assay failure were established; up 
to six failed CpG loci per sample were tol-
erated within the multiply-redundant sig-
nature/classifier, without impacting perfor-
mance. Forty-three out of 106 validation 
cohort samples were affected by at least one 
locus failure, reflecting the damaged nature 
of DNA generally obtained from some of 
these samples. Five out of 106 samples had 
more than seven failed CpGs and were 
deemed not classifiable (NC). Molecular 
subgroup classifications were then com-
pared, with MS-MIMIC classifications 
showed complete concordance with the 
reference subgroup, as determined by DNA 
methylation array [10]. Furthermore, CpG-
level methylation estimates (β-values) were 
equivalent between methods (R2 = 0.79). 
As anticipated, fresh-frozen derivatives 
performed best (n=39/40; 98% successfully 
subgrouped), with 91% success (n=56/61) 
using FFPE-derived DNA from tumour sec-
tions and cytospin preparations (Fig. 3a–c).

Application of MS-MIMIC to the 
HIT-SIOP-PNET4 clinical trials 
cohort
Following successful assay development 
and validation, we next wished to test MS-
MIMIC methylation signature detection in 
limited, poor quality, archival, clinical biop-
sies. Analysis of remnant material from the 

HIT-SIOP-PNET4 cohort [17] offered the 
first opportunity to determine the poten-
tial utility of molecular subgroup status to 
predict disease outcome in a clinical trial 
of risk-factor negative, ‘standard risk’ (SR) 
medulloblastoma. Only FFPE sections 
(n=42/153 available tumour samples) and 
cytospin nuclear preparations (approxi-
mately 30 000 nuclei isolated and centri-
fuged onto microscope slides; n=111/153) 
remained from this study archive and all 
DNA preparations fell below quality and 
quantity thresholds (>200 ng double-
stranded DNA (dsDNA)) required for 
methylation profiling using conventional 
research methods (Illumina 450k and Meth-
ylationEpic arrays [16]). Using MS-MIMIC, 
70% (107/153) of samples were successfully 
subgrouped, and subgroup assignments and 
β-value estimations were consistent across 

duplicate determinations. Assay perfor-
mance was equivalent across the input DNA 
range (<2 ng (limit of detection) to 100 ng 
dsDNA (41.4 ng median DNA input).

Reasons for assay failure included unsuc-
cessful bisulfite conversion/PCR (6%; 
9/153), and inability to classify due to assay 
QC failure (24%; 37/153). These findings 
from HIT-SIOP-PNET4 reveal important 
subgroup-dependent molecular pathology 
in SR medulloblastoma. Group 4 was most 
common (n=62; 58%), with approximately 
equivalent numbers of WNT (18/170; 16%), 
SHH (17/107; 16%) and Group 3 (10/107; 
9%) tumours observed. The majority 
(11/13) of events (defined as disease recur-
rence or progression following treatment) 
affected Group 4 patients [82% 5-year pro-
gression-free survival (PFS)], with >95% 
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Figure 2. MS-MIMIC CpG genotype data generation process. (Adapted from Schwalbe et al. Minimal 
methylation classifier (MIMIC): A novel method for derivation and rapid diagnostic detection of 
disease-associated DNA methylation signatures. Scientific Reports 2017; 7: 13421).
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PFS in non-Group 4 patients. Subgroup 
assignment will thus be essential to inform 
future clinical and research studies in SR 
medulloblastoma.

Discussion
Detection of disease-specific variations in 
DNA methylation patterns has great potential 
for both supporting biomedical research and 
improving the quality of care that is delivered 
to patients. MS MIMIC has so far only been 
applied to medulloblastoma but this approach 
has clear potential for use in other cancers 
[7] and in other diverse settings, for example 
smoking [1], obesity [2], human fetal alcohol 
spectrum disorder [3] and aging [4].

Key resources which must be available 
for development of an MS-MIMIC assay 
for a given condition are a suitable collec-
tion of data concerning disease-state spe-
cific methylation patterns obtained using 
an array system such as those mentioned 
above, samples with which to perform assay 
validation, bioinformatics knowledge and 
support to create, optimize and operate the 
disease-specific SVM classifier system, plus 
access to a MassARRAY System for analysis. 
MS-MIMIC is discussed in greater detail in 
Schwalbe et al., 2017 [19].
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Figure 3. Subgroup assignment and probability estimates (dots) along with 95% confidence intervals (boxplots) for 101 medulloblastoma samples for which DNAs were 

derived from three types of materials: Fresh-frozen biopsies (n=40), formalin-fixed paraffin-embedded biopsies (FFPE; tumour section; n=35) and FFPE-derived cytospin nuclear 

preparations (n=26). Grp3, Group 3; Grp4, Group 4; NC, not classifiable. (Adapted from Schwalbe et al. Minimal methylation classifier (MIMIC): A novel method for derivation 

and rapid diagnostic detection of disease-associated DNA methylation signatures. Scientific Reports 2017; 7: 13421).
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The            PT reagent 
Cost & time saving for optimal management 
u Range of 3 packaging sizes (5, 10 and 20 mL)

u “All in one”, no pipetting required

A reliable reagent with unique performances
u  PT precalibrated reagent with an ISI = 1

u  Optimal sensitivity to factor defi ciencies

Naturally simple and effi cient
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