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Abstract
Medulloblastoma with extensive nodularity (MBEN) is a rare histological variant of medulloblastoma (MB). These tumors 
are usually occurring in the first 3 years of life and are associated with good prognosis. Molecular analyses of MBEN, mostly 
limited to single cases or small series, have shown that they always classify as sonic hedgehog (SHH)-driven MB. Here, 
we have analyzed 25 MBEN through genome-wide DNA methylation, copy-number profiling and targeted next-generation 
sequencing. Results of these analyses were compared with molecular profiles of other SHH MB histological variants. As 
expected, the vast majority of MBEN (23/25) disclosed SHH-associated epigenetic signatures and mutational landscapes but, 
surprisingly, two MBEN were classified as Group 3/4 MB. Most MBEN classified as SHH MB displayed SHH-related and 
mutually exclusive mutations in either SUFU, or PTCH1, or SMO at similar frequencies. However, only SUFU mutations were 
also identified in the germ-line. Most of SUFU-associated MBEN eventually recurred but patients were treated successfully 
with second-line high-dose chemotherapy. Altogether, our data show that risk stratification even for well-recognizable his-
tologies such as MBEN cannot rely on histology alone but should include additional molecular analyses such as methylation 
profiling and DNA sequencing. For all patients with “MBEN” histology, we recommend sequencing SUFU and PTCH1 in 
the tumor as well as in the germ-line for further clinical stratification and choice of the optimal treatment strategy upfront.
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Introduction

The histological entity medulloblastoma (MB), one of the 
most common malignant brain tumors in childhood, com-
prises distinct histological variants and molecular sub-
groups. According to the current international consensus, 

four main molecular MB subgroups (WNT, SHH, Groups 
3 and 4) with divergent histology, biology and clinical out-
comes exist [10, 18]. Within the SHH MB subgroup, all 
histological variants of MB may occur, including classic, 
desmoplastic/nodular, large cell/anaplastic and medulloblas-
toma with extensive nodularity (MBEN), each associated 

 * Andrey Korshunov 
 andrey.korshunov@med.uni-heidelberg.de

1 Clinical Cooperation Unit Neuropathology (G380), 
German Cancer Research Center (DKFZ) and German 
Cancer Consortium (DKTK), Im Neuenheimer Feld 280, 
69120 Heidelberg, Germany

2 Department of Neuropathology, Heidelberg University 
Hospital, Heidelberg, Germany

3 Hopp Children’s Cancer Center at the NCT Heidelberg 
(KiTZ), Heidelberg, Germany

4 Department of Neuropathology, NN Burdenko Neurosurgical 
Institute, Moscow, Russia

5 Division of Molecular Genetics (B060), German Cancer 
Research Center (DKFZ) and German Cancer Consortium 
(DKTK), Heidelberg, Germany

6 Division of Pediatric Neurooncology (B062), German Cancer 
Research Center (DKFZ) and German Cancer Consortium 
(DKTK), Heidelberg, Germany

7 Department of Pediatric Hematology and Oncology, 
Heidelberg University Hospital, Heidelberg, Germany

8 Department of Neuro-Oncology, Russian Scientific Center 
of Radiology, Moscow, Russia

9 Department of Neuroradiology, NN Burdenko Neurosurgical 
Institute, Moscow, Russia

http://crossmark.crossref.org/dialog/?doi=10.1007/s00401-018-1840-0&domain=pdf


304 Acta Neuropathologica (2018) 136:303–313

1 3

with distinct outcomes [2, 9, 10, 14]. The other three sub-
groups mostly include classic or large cell anaplastic histolo-
gies [4, 9, 10, 14]. Among these different histological MB 
variants, MBEN is the rarest tumor variant previously also 
designated as “cerebellar neuroblastoma” [4, 5, 7, 9, 14, 17]. 
These tumors are usually occurring in the first 3 years of life 
and are associated with good to excellent prognosis [7, 10, 
14, 17]. At a molecular level, MBEN show SHH pathway 
activation caused by germ-line and/or somatic inactivating 
mutations of PTCH1 or SUFU [3, 6, 8, 9, 15, 18]. Never-
theless, molecular analysis of MBEN has been limited to 
case reports or small series of samples. Previous clinical 
trials have suggested that MB patients can be risk stratified 
based on tumor histology and patients’ age as infant patients 
with histologically diagnosed desmoplastic/nodular MB or 
MBEN have a much better outcome than patients with clas-
sic or large cell/anaplastic MB variants [1, 2]. However, a 
recent infant MB study of the Children’s Oncology Group 
has been closed prematurely because of unexpected treat-
ment failures [1], suggesting that risk stratification based on 
histology and other clinical parameters alone might not be 
sufficient. Indeed, several recent reports have shown that fur-
ther molecular and clinical heterogeneity in MB exist, also 
within the infant MB population which is mainly restricted 
to the SHH and Group 3 subgroups, possibly explaining 
some of these unexpected treatment failures [1, 2, 14]. Some 
molecular subtypes of SHH MB were enriched with MBEN 
histology but also included other histological variants [4, 9, 
13]. Consequently, a molecular classification of infant MBs 
is likely the preferred method for their risk stratification over 
histology-based classification, but the exact definition crite-
ria are still lacking. In the current study, we have analyzed 
a representative MBEN cohort using genome-wide DNA 
methylation profiling, copy-number profiling and targeted 
next-generation sequencing to clarify the nosologic posi-
tion of MBEN in the context of other SHH MB histological 
variants. Through improved understanding of the molecular 
basis of these rare tumors, we expect that stratification of 
MBEN patients according to tumor biology can be further 
improved leading to better risk-adapted treatments for these 
patients.

Materials and methods

Patient population

Tissue samples were obtained from 25 patients with histo-
logical diagnosis “Medulloblastoma with extensive nodu-
larity (MBEN)” according to the 2016 WHO classification 
of tumors of the central nervous system (CNS) [14]. These 
neoplasms were diagnosed after pathological screening of 
787 MB samples with various tumor histologies and a few 

of them were included in our previous studies [9, 10, 13]. 
The observed incidence of MBEN, accounting for 3.2% of 
all MB variants, is in line with other published data [1, 7, 14, 
17]. All these patients were initially diagnosed between 1997 
and 2016 at the Burdenko Neurosurgical Institute in Moscow 
and received combined treatment according to HIT_SKK 
protocols. Informed consent was obtained from all patients’ 
parents or other relatives.

DNA methylation analysis

DNA was extracted from tumors and analyzed using the 
Illumina Human Methylation 450 or 850 k/EPIC BeadChip 
array as previously described [11, 13, 14]. All DNA methyl-
ation analyses were performed in R version 3.3.0 (R Devel-
opment Core Team). Raw signal intensities were obtained 
from IDAT-files using the minfi Bioconductor package 
version 1.18.2. Each sample was individually normalized 
by performing a background correction (shifting of the 5% 
percentile of negative control probe intensities to 0) and a 
dye-bias correction (scaling of the mean of normalization 
control probe intensities to 10,000) for both color channels. 
No further normalization or transformation steps were per-
formed, and standard beta-values were used for downstream 
methylation analyses. The following criteria were applied to 
filter out probes prone to yield inaccurate methylation lev-
els: Removal of probes targeting the X and Y chromosomes 
(n = 11,551), removal of probes that overlap common SNPs 
(dbSNP132 Common) within the CpG or the following base 
(n = 7998), and removal of probes not mapping uniquely to 
the human reference genome (hg19) (n = 3965). To enable 
comparability between the Illumina Infinium Human Meth-
ylation 450 and 850 k/EPIC arrays, we removed all probes 
not represented on the 450 k array (n = 32,260). In total, 
428,799 probes were kept for analysis.

To consider a distinct molecular allocation of MBEN, we 
performed unsupervised clustering of epigenetic data gener-
ated for these tumors together with a cohort of 542 molecu-
larly defined pediatric MB tumors encompassing all four 
molecular groups (WNT; SHH; Groups 3 and 4). For unsu-
pervised hierarchical clustering, we selected the 10,000 most 
variably methylated probes across the dataset. Clustering was 
performed using the beta values of the n = 10,000 most vari-
ably methylated probes as measured by standard deviation. 
Samples were clustered using Pearson’s correlation coeffi-
cient as the distance measure and average linkage (x-axis). 
Methylation probes were reordered by hierarchical cluster-
ing using Euclidean distance and average linkage (y-axis). 
Additional analysis of tumor subgroups was performed using 
a t-distributed stochastic neighbor embedding (t-SNE)-based 
approach. This was computed using the R-package Rtsne, 
version 0.13, with a perplexity of 15 and 20 iterations [13]. 
Copy number profiles were generated using the ‘conumee’ 
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package for R (https ://www.bioco nduct or.org/packa ges/relea 
se/bioc/html/conum ee.html) [11]. To evaluate the methyla-
tion status of the MGMT promoter region, we evaluated beta 
values of probes cg12434587 and cg12981137 using the 
MGMT_STP27 logistic regression model [13].

Targeted next‑generation sequencing (NGS)

Molecular barcode-indexed ligation-based sequencing 
libraries were constructed using 200 ng of sheared DNA. 
Twenty-three paired tumor and blood samples yielded suf-
ficient DNA amounts for analysis. Libraries were enriched 
by hybrid capture with custom biotinylated RNA oligo 
pools covering exons of 130 cancer-associated genes [16]. 
Paired-end sequencing was performed using the NextSeq 
500 (Illumina). Sequence data were mapped to the refer-
ence human genome using the Burrows–Wheeler Aligner 
and were processed using the publicly available SAM tools. 
Recurrent gene mutations were also assessed with residual 
DNA from the same pool used for sequencing by polymerase 
chain reaction followed by direct Sanger sequencing of the 
corresponding exons.

Statistics

The distribution of overall survival (OS) was calculated 
according to the Kaplan–Meier method using the log rank 
test for significance. OS was calculated from the date of 
diagnosis until death of patient from disease or last contact 
for patients who were still alive. For multivariate analysis, 
Cox proportional hazards regression models were used. 
Estimated hazard ratios are provided with 95% confidence 
intervals and a p value from the Wald test. Tests with a p 
value below 0.05 were considered significant.

Results

Clinical parameters of the MBEN patients

Basic clinical characteristics of all 25 MBEN patients 
included in this study are summarized in Table 1. Tumors 
occurred predominately in very young children with a 
median age of 11 months (range 3–28 months) all but one 

Table 1  Clinical characteristics 
of MBEN

IV MTX intraventricular methotrexate injection, HD/CHT high-dose chemotherapy, SCR stem cell rescue, 
NED no evidence of disease, AWD alive with disease
Bold means tumor with recurrence

No Age Sex M stage Surgery Treatment Recurrence Follow-up

1. 12 F M0 GTR HIT-SKK 2000; IV MTX No 32 months; NED
2. 22 M M3 GTR HD/CHT; SCR No 38 months; NED
3. 19 F M3 STR HD/CHT; SCR No 63 months; NED
4. 20 F M0 STR HIT-SKK 2014; IV MTX Yes; 16 m; Local 20 months; AWD
5. 12 F M0 GTR HIT-SKK 2000; IV MTX No 50 months; NED
6. 5 M M0 GTR HIT-SKK 2000; IV MTX Yes; 16 m; Local 42 months; AWD
7. 22 F M0 GTR HIT-SKK 2000; IV MTX No 44 months; NED
8. 12 M M0 STR HIT-SKK 2014; IV MTX Yes; 8 m; Local 22 months; AWD
9. 11 M M0 GTR HIT-SKK 2000; IV MTX No 44 months; NED
10. 8 M M0 GTR HIT-SKK 2014; IV MTX No 24 months; NED
11. 21 M M0 STR HIT-SKK 2000; IV MTX Yes; 9 m; Local 78 months; AWD
12. 10 M M3 STR HD/CHT; SCR No 26 months; NED
13. 18 M M0 STR HIT-SKK′97; IV MTX No 123 months; NED
14. 11 F M0 STR HIT-SKK′97; IV MTX No 168 months; NED
15. 5 M M0 GTR HIT-SKK 2014; IV MTX No 16 months; NED
16. 17 F M0 STR HIT-SKK 2014; IV MTX No 18 months; NED
17. 5 M M0 STR HIT-SKK 2000; IV MTX No 60 months; NED
18. 3 M M0 GTR HIT-SKK′97; IV MTX No 88 months; NED
19. 18 F M0 GTR HIT-SKK 2000; IV MTX No 28 months; AWD
20. 5 M M0 GTR HIT-SKK 2000; IV MTX Yes; 18 m; Local 34 months; NED
21. 14 M M0 GTR HIT-SKK 2000; IV MTX No 24 months; NED
22. 12 M M0 STR HIT-SKK 2014; IV MTX No 14 months; NED
23. 11 M M0 GTR HIT-SKK 2000; IV MTX No 61 months; NED
24. 12 F M0 GTR HIT-SKK 2014; IV MTX No 16 months; NED
25. 22 F M0 GTR HIT-SKK 2000; IV MTX No 22 months; NED

https://www.bioconductor.org/packages/release/bioc/html/conumee.html
https://www.bioconductor.org/packages/release/bioc/html/conumee.html
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younger than 2 years. There was a small preponderance of 
male patients in this cohort (59 vs. 41% for female, male: 
female ratio = 1.4:1). All MBEN were located in the cer-
ebellar vermis also involving neighboring hemispheres. At 
neuroradiological examination, the tumors appeared as large 
multinodular lesions with “prototypic” grape-like structures. 
Most (22/25; 88%) of the patients disclosed M0 stage and 
only three (12%) patients were diagnosed with M3 stage. At 
the time of diagnosis, no patients met the diagnostic crite-
ria of a naevoid basal cell carcinoma syndrome (NBCCS) 
[6]. All patients were operated upon and gross total tumor 
resection was achieved in 15/25 (60%) of cases. After opera-
tion, all patients with MBEN received chemotherapy in two 
regimens: 22 M0 patients were treated with HIT_SKK pro-
tocols (97; 2000 or 2014) with intraventricular methotrex-
ate (MTX) injection, while the remaining three M3 patients 
received high-dose chemotherapy (HD/CHT) with stem cell 
rescue (SCR) [12, 15]. The median follow-up for all patients 
was 54 months (range 14–168 months). Tumor recurred as a 
local relapse in five patients (median progression-free sur-
vival 46 months; range 8–168 months; 5-year PFS—80%) 
and all these patients received salvage HD/CHT (followed 
with a complete response for relapsed tumor) without re-
operation and/or radiotherapy. No post-treatment meta-
static dissemination was developed. All 25 patients with 
MBEN are still alive at the follow-up closure, regardless 
of postoperative clinical course including five patients in 
remission after relapse (median overall survival 54 months; 
range 14–168 months; 5-year OS—100%). During follow-up 
period, no patients developed additional tumors.

Histopathology of the MBEN cohort

Histopathologically, all 25 tumors analyzed disclosed simi-
lar microscopic appearance typical for MBEN, as described 
before [1, 5, 7, 14, 17]. A clear lobular architecture com-
posed of two components was seen in all tumors (Fig. 1a, 
b). One component consisted of large reticulin-free zones 
containing populations of small cells disclosing features of 
neurocytic differentiation. These cells exhibited stream-like 

patterns, were embedded in neuropil-like matrix and also 
disclosed strong nuclear expression of NeuN (Fig. 1a, b). 
The other component consisted of internodular reticulin-rich 
zones containing densely packed undifferentiated and mitoti-
cally active cells. An extension of this component was varied 
from one area to another and looked as markedly reduced in 
some places. MIB1 nuclear expression was almost absent 
in nodular zones but was counted as relatively high in inter-
nodular areas.

DNA methylation patterns, cytogenetic alterations 
and data of mutational analysis

DNA of all 25 MBEN samples was analyzed on Illumina 
450 k (17) and 850 k/EPIC (8) Bead Chip methylation arrays 
to investigate their epigenetic signatures and cytogenetic 
profiles [11, 13]. Clustering analyses of the DNA methyla-
tion profiles of these 25 MBENs together with 542 other 
MBs representing all 4 molecular MB subgroups and using 
t-Distributed Stochastic Neighbor Embedding (t-SNE) 
algorithms, showed that, as expected, the vast majority of 
the MBEN (23/25; 92%) clustered together with the SHH 
MB tumors (Fig. 1c). They did not form any separate clus-
ter. Surprisingly, methylation profiles of two MBEN cases 
did not cluster with the SHH MB tumors, but with either 
Groups 3 or 4 (Fig. 1c). Histopathological re-investigation 
of these two non-SHH MBEN cases revealed no microscopic 
differences between these 2 tumors and all remaining 23 
neoplasms that were classified as SHH MB (see Fig. 1b). 
Immunohistochemistry with GAB1 protein (marker SHH 
pathway activation [14, 18]) revealed no staining in these 
tumor samples in contrast to the remaining 23 SHH MBEN 
which were strongly GAB1 positive. However, these two 
MBEN samples with unusual epigenetic signatures disclosed 
no OTX2 immunoexpression.

All these molecular allocations remained stable even 
when we used more or less differentially methylated CpG 
sites (7000; 5000; 2000 and 800; SD > 0.30, respectively 
(data not shown), confirming that the obtained DNA meth-
ylation data are robust and reliable to discriminate between 
different molecular variants of MBEN. MGMT was unmeth-
ylated in all MBEN samples.

Using SNP information contained on the DNA meth-
ylation arrays, we also analyzed copy number aberrations 
(CNA) in all MBENs (Table 2). A vast majority of MBENs 
(16/25; 64%) revealed no chromosomal aberrations at all, 
showing absolutely balanced genomes. In the remaining 
nine MBENs, the number of CNAs varied from one to nine 
per tumor (mean 1.2 + 0.3). For SHH MBEN, only 10q loss 
(Fig. 1d) and gain of chromosome 2 were detected as recur-
rent aberrations (22 and 12%, respectively). In contrast, the 
two MBEN classified as non-SHH MB both had a relatively 
high number of CNAs (7 and 10, respectively), and in both 

Fig. 1  Pathological similarity of MBEN clustered with SHH MB (a) 
and Group 3  MB (b) (H&E; NeuN immunostaining as insertion). 
Both samples show a clear lobular architecture composed of two 
components: large reticulin-free zones with intense NeuN nuclear 
expression and internodular reticulin-rich zones. c Unsupervised 
clustering of DNA methylation patterns for 542 tumors diagnosed as 
medulloblastoma (MB). Shown is a two-dimensional representation 
of pairwise sample correlations using the 10,000 most variably meth-
ylated probes by t-distributed stochastic neighbor embedding (tSNE) 
dimensionality reduction. Most of MBEN samples (black spots) were 
clustered together with SHH MB (red spots) but two MBEN were 
allocated to Group 3/4 MB (yellow and green spots). d, e CNV pro-
file for SHH MBEN discloses only loss of 10 (D), whereas CNV pro-
file for MBEN clustered with Group 3 MB shows trisomy 17

◂
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cases trisomy of chromosome 17 was detected (Fig. 1e). No 
high-level amplifications or homozygous deletions were 
detected across the entire MBEN cohort.

Using targeted NGS, we analyzed accessible amounts 
of tumor DNA for 23 MBEN, including both non-SHH 
MBENs. The panel sequencing analysis also included 
matched normal DNA controls for all these samples. After 
filtering for common polymorphisms (see “Methods”), 
nonsynonymous and non-polymorphic variants were called 
across the series within the coding regions of 130 sequenced 
genes. Single somatic nucleotide variants (SNVs) and small 
insertions/deletions were detected across all 23 MBEN 
samples, with individual tumor SNV counts ranging from 
one to three per tumor (mean 1.5; Table 2). Recurrent gene 
mutations (present in more than 10% of samples sequenced) 
included only SUFU (5/23; 24%); PTCH1 (5/23; 24%); 
SMO (4/23; 20%), and KMT2D (4/23; 20%). All other non-
recurrent mutations were scattered throughout this MBEN 
cohort. All SHH-associated mutations (SUFU, PTCH1 and 
SMO) were mutually exclusive and they were detected only 
in MBEN with SHH signature, covering up to 70% of these 

tumors. There were no differences in cytogenetic profiles 
for SHH MBEN with and without SHH pathway mutations. 
All five SUFU mutations were also present in the germ-line 
DNA of these patients. However, there were no clinical pat-
terns of NBCCS in affected patients at the time of diagno-
sis. On the other hand, all PTCH1 or SMO mutations were 
identified as exclusively somatic alterations. Both MBEN 
samples molecularly classified as non-SHH MB had no 
SHH pathway mutations, supporting their classification as 
non-SHH.

Comparing detected molecular findings with MBEN 
patients’ outcome, we revealed that all five recurrent tumors 
were molecular SHH MBEN and four of them were associ-
ated with germ-line SUFU alterations. Both patients carry-
ing Group 3/4 MBEN were treated with HD/CHT with SCR, 
and are currently in complete remission at 26 and 63 months 
follow-up, respectively. Univariate PFS analysis for clinical 
and molecular parameters across the whole MBEN cohort 
and SHH MBEN subset only revealed that presence of 
SUFU alterations was significantly associated with tumor 
recurrence (log-rank test; p < 0.01). None of the other tested 

Table 2  Molecular characteristics of MBEN

a Both somatic and germ-line

No Group Losses Gains Gene alterations (SNVs; InDels)

1. SHH No No SMO (p.W535L)
2. SHH 2q 2p;2q SUFUa (p.A340 fs)
3. Group 3/4 3, 7, 8, 11q 17, 18, 19, 21q NF1 (p.S641G); KMT2D (4576_4576del); PIK3CA (p.E545 K)
4. SHH No No PTCH1 (p.G1097 fs; p. L1109 fs)
5. SHH No No SMO (p.W535L)
6. SHH No No SUFUa (p.260 fs);
7. SHH 10q 22q MSH6 (p.I493T)
8. SHH 10q No SUFUa (p.P137R); KMT2D (p.R2645Q); RAF1(p.L445R)
9. SHH No No SMO (p.L412F)
10. SHH No No PTCH1 (p.L384 fs; p.W394X)
11. SHH No No SUFUa (p.E437X); KMT2D (p.E839X); PIK3CA (p.H1047R)
12. Group 3/4 4, 8, 10 5, 14q, 17, 19 ARID1A (p.S2256X); BRCA2 (p.G1529R)
13. SHH No No KMT2D (p.P2210L); HRAS(p.N172S)
14. SHH 10q 2; 3 PTCH1 (p.N31 fs); PTEN (p.R335X); D2HGDH(p.G355S)
15. SHH No No ARID1B (p.W1109X); PTEN (p.W111R)
16. SHH No 2; 3 PTCH1 (p.Q839X);
17. SHH No No SMO (p.L412F)
18. SHH No No Not available
19. SHH 10q No PTCH1 (p.Q305X); ARID1A(p.A1616 V)
20. SHH No No SUFUa (p.W136X)
21. SHH No No BRCA2 (p.G1529R)
22. SHH No No SMARCA2 (p.R811H)
23. SHH 10q No Not available
24. SHH No No SMARCD2 (p.H324Q)
25. SHH No No SMARCA4 (p.R973 W)
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clinical or molecular variables (age older or younger 1 year, 
M stage, volume of tumor resection, recurrent CNVs and 
other SHH-associated mutations) were related with patients’ 
outcome. Multivariate analysis did not identify any signifi-
cant prognostic parameter. This may perhaps be due to the 
small number of the cases available.

Clinico‑molecular characterization of SHH MBs 
with various histology

We also performed comparative clinico-molecular analy-
ses of SHH MBEN with three other histological variants 
of pediatric SHH MB—desmoplastic/nodular (DNMB; 
n = 34), classic (n = 27) and large cell/anaplastic (n = 21). 
Clustering and three-dimensional t-SNE analyses of DNA 
methylation data showed two distinct SHH MB subgroups 
(Fig. 2a). One of them included all MBEN and vast majority 
of DNMB thus suggesting an epigenetic similarity of these 
SHH MB variants, whereas another cluster was composed of 
classic and large cell SHH MB predominantly. Patients from 
MBEN/DNMB cluster were significantly younger (median 
age 2 years, range 0–8) than their classic/large cell counter-
parts (median age 9 years, range 3–17), confirming previous 
reports showing distinct methylation profiles between infant 
SHH MB and non-infant SHH MB [9].

Summarizing cytogenetic profiles for these four SHH 
MB histological subtypes (n = 132) are presented in Fig. 2b 
and Table 3. Surprisingly, despite the epigenetic differences 
between DNMB and classic SHH MB, the copy number 
profiles of these two histological subtypes are quite similar 
with a high frequency of “prototypic” aberrations like chro-
mosome 2 gain, 9p gain, 9q loss and 10q loss. In contrast, 
MBEN and large-cell tumors occupied opposite ends of this 
“cytogenetic spectrum” disclosing either predominantly bal-
anced (MBEN) or extremely instable CNVs profiles with 
chromothripsis patterns (large cell SHH MB), respectively. 
The mutational landscape for DNMB and classic SHH MB 
was also highly similar with a significant prevalence of 
PTCH1 alterations (about 70% of the cases) over other SHH-
associated mutational events (Table 3). On the other hand, 
all three SHH-associated mutations were evenly distributed 
among MBEN (PTCH1—24%; SUFU—24%; SMO—20%), 
whereas all large cell SHH MB showed TP53 mutations 
only, which were not detected in any of the other three his-
tologies. Survival analysis revealed PFS differences between 
large cell/TP53 mutant SHH MB and all three remaining 
TP53 wt histological variants (Fig. 3). However, in terms of 
OS, MBEN disclosed an excellent prognosis and treatment 
response (even in the second line treatment), whereas results 
of salvage therapy for patients with DNMB or classic SHH 
MB were not looking as being extremely successful. 

Discussion

MBEN is a clearly defined histological variant of MB, which 
has been introduced into the current version of the WHO 
CNS tumor classification [7, 14, 17, 18]. Given their rar-
ity, real incidence data, the distinct nosologic position and 
optimal treatment strategy for these tumors remain under 
discussion. Nevertheless, the biological behavior of MBEN 
is considered as favorable and, in general, quite similar to 
DNMB of infants [7, 17]. Moreover, long-term survivors and 
even occasional cases with neuronal maturation have been 
reported [1, 2, 5, 7, 17]. MBEN frequently carry mutations 
in genes encoding different members of the SHH pathways, 
and up to 30% of patients with MBEN could be associated 
with SUFU-related or PTCH1-related naevoid basal cell car-
cinoma syndrome [1, 3, 4, 6, 8, 9, 15].

In the current study, we have investigated a cohort of 
histologically diagnosed MBEN using genome-wide DNA 
methylation profiling as well as NGS mutational analysis 
[11, 16]. We also compared methylation profiles, copy num-
ber patterns and mutational landscapes of MBEN with those 
in other histological variants of pediatric SHH MB. Clinical 
characteristics of MBENs were similar to published before 
with very young patients’ age, low frequency of M2–3 tumor 
stages, and excellent overall survival [2, 7, 14, 17]. However, 
our findings suggest that histologically similar MBEN dis-
closed some molecular variability and they are not related 
with any single mutation or other unique molecular event.

Epigenetically, MBEN did not form a separate molecu-
lar cohort and were nearly all classified as MB with SHH 
signatures, in line with previous findings [4, 9, 13, 14]. 
Unexpectedly, two MBEN were classified as either Groups 
3 or 4 MB, and it has not been reported previously. Both 
cases indeed also disclosed a distinct biological behav-
ior (M3 stage), cytogenetic aberrations (trisomy 17), and 
absence of SHH-associated mutations, when compared to all 
other MBEN classified as SHH MB. Both patients received 
upfront intense chemotherapy (due to advanced tumor 
stage at diagnosis) and showed quite satisfactory treatment 
response. Of course, the incidence of such MBEN harbor-
ing unusual molecular signatures is extremely low, but such 
possibility should be kept in mind. An application of GAB1 
immunohistochemistry might be helpful for diagnostic of 
these rare MBEN molecular variants and obviate the need 
for epigenetic analysis, which remains beyond the capabil-
ity of most routine laboratories. Moreover, deciphering the 
biological mechanisms underlying such unusual/enigmatic 
association between “favorable” MBEN histology and 
“aggressive” tumor molecular profile is clearly warranted 
in future studies.
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MBEN classified as SHH MB disclosed predominately 
balanced DNA profiles and similar frequencies of SHH-
related gene alterations (either missense mutations or 
frameshift insertions/deletions) involving PTCH1, SUFU 
and SMO. The high incidence of germ-line SUFU alterations 
is associated strongly with postoperative local regrowth, 
which, however, responded well after application of intense 
CHT protocols. It is well known, that most cases of familial 
SHH MB (including MBEN) could be associated with SUFU 
mutations [3, 6, 8, 15]. Therefore, SUFU mutational screen-
ing (both tumor and blood) was recommended in all children 
presenting SHH MB before 5 years of age [3, 8]. Neverthe-
less, the best therapeutic strategy for infants with MB is still 
under discussion and the question of whether SUFU-altered 
patients require a specific therapeutic approach remains to 
be defined [1, 2, 12, 15]. Radiotherapy is still debated due 
to a risk of second malignancies. On the other hand, SUFU 
is a SHH pathway gene which is downstream of SMO, and 
it could rise an intrinsic resistance to SMO targeting inhibi-
tors, and, moreover, these patients could suffer from severe 
bone-marrow toxicity [6, 8, 9]. Our data suggest a benefit of 
HD/CHT for SUFU mutant MBEN, which could be consid-
ered as an initial treatment option in the future trials. Two 
other SHH-associated mutations (PTCH1 and SMO) were 
exclusively somatic and not related with clinical outcomes. 
It is also interest to note a high frequency of SMO mutations 
in MBEN, which previously were predominantly identified 
among the adult SHH MB [9]. Thus, the above-mentioned 
findings led us to propose a provisional model for stratifica-
tion of patients with MBEN into two risk groups. Patients 
with M2–3 stages (and perhaps non-SHH tumor affiliation) 
and/or somatic/germ-line SUFU alterations could be con-
sidered as a “high-risk MBEN” requiring more intense CHT 
upfront. Remaining MBEN patients could initially benefit 
from the “standard” HIT SKK regimens accompanying with 
de-escalating toxicity [2, 12, 15]. Further clarification of this 

provisional stratification scheme through detailed analysis of 
additional MBEN cohorts included in future clinical trials 
would, therefore, be of significant value.

Pediatric SHH MB could represent all histological MB 
subtypes with variable molecular appearance, includ-
ing almost cytogenetically balanced MBEN at its one end 
and genetically instable, TP53 mutant large cell MB at 
another one [1, 4, 9, 14]. These variants of SHH MB are 
also extremely distinct in terms of their biological behavior 
and clinical outcomes. However, molecular relationships 
of DNMB and classic SHH MB are looking as being more 
complex. On the one hand, these SHH MB variants disclosed 
obvious methylome differences, because DNMB showed a 
clear epigenetic kinship with MBEN. On the other hand, 
DNMB and classic SHH MB disclosed apparent similarities 
for their cytogenetic profiles (“prototypic” 9q loss), muta-
tional landscape (over-representing with PTCH1 alterations) 
and, finally, coincidence in the clinical outcomes, including 
relatively poor response for salvage treatments applied. Per-
haps, DNMB and classic SHH MB variants could have dif-
ferent either cell sources or time of origin, such suggesting 
that epigenetic state of MB is dictated at the time of tumor 
initiation and remains stable during tumor development. 
However, further progression of these SHH MB variants 
could be associated with acquisition of similar events, such 
as PTCH1 mutation and/or aberrations on chromosome 9. 
Similarity of DNMB and classic SHH MB molecular biol-
ogy could, in turn, equate their clinical behavior. SHH MB 
histological variants should be additionally molecularly 
stratified in future studies.

In conclusion, the vast majority of MBEN disclosed 
SHH-associated molecular profiles and mutational land-
scapes but a minority of tumors with MBEN histology 
could be classified as non-SHH MB. SHH MBEN cohort 
showed a wide spectrum of SHH-related mutations at simi-
lar frequency but only SUFU mutations were identified as 
germ-line and clinically relevant alterations. SUFU-associ-
ated MBEN eventually recurred but patients were treated 
successfully with the second-line HD/CHT. Consequently, 
we could also recommend an integrated molecular analysis 
(including screening for germ-line SUFU alterations) for 
all patients with “MBEN” histological diagnosis for their 
further clinical stratification and choice of the optimal treat-
ment strategy upfront.

Fig. 2  a Unsupervised clustering of DNA methylation patterns for 
tumors diagnosed as SHH MB with various histological variants. 
Shown is a three-dimensional representation of pairwise sample 
correlations using the 10,000 most variably methylated probes by 
t-distributed stochastic neighbor embedding (tSNE) dimensionality 
reduction. MBEN samples were clustered together with desmoplas-
tic nodular tumors (DNBM) whereas most of classic SHH MB were 
grouped with large cell TP53 mutant tumors. b Summarizing cytoge-
netic profiles for various SHH MB histological subtypes show almost 
balanced profiles for MBEN, obvious cytogenetic similarity for 
DNMB and classic SHH MB, and, also, genomic instability for large 
cell and TP53 mutant SHH MB (LCA)
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