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Abstract 
 
Olfactory neuroblastoma/esthesioneuroblastoma (ONB) is an uncommon 

neuroectodermal neoplasm thought to arise from the olfactory epithelium. Little is 

known about its molecular pathogenesis. For this study, a retrospective cohort of 

n=66 tumor samples with the institutional diagnosis of ONB was analyzed by 

immunohistochemistry, genome-wide DNA methylation profiling, copy number 

analysis, and in a subset, next-generation panel sequencing of 560 tumor-associated 

genes. DNA methylation profiles were compared to those of relevant differential 

diagnoses of ONB. Unsupervised hierarchical clustering analysis of DNA methylation 

data revealed 4 subgroups among institutionally diagnosed ONB. The largest group 

(n=42, 64%, Core ONB) presented with classical ONB histology and no overlap with 

other classes upon methylation profiling-based t-distributed stochastic neighbor 

embedding (t-SNE) analysis. A second DNA methylation group (n=7, 11%) with CpG 

island methylator phenotype (CIMP) consisted of cases with strong expression of 

cytokeratin, no or scarce chromogranin A expression and IDH2 hotspot mutation in 

all cases. T-SNE analysis clustered these cases together with sinonasal carcinoma 

with IDH2 mutation. Four cases (6%) formed a small group characterized by an 

overall high level of DNA methylation, but without CIMP. The fourth group consisted 

of 13 cases that had heterogeneous DNA methylation profiles and strong cytokeratin 

expression in most cases. In t-SNE analysis these cases mostly grouped among 

sinonasal adenocarcinoma, squamous cell carcinoma and undifferentiated 

carcinoma.  



Copy number analysis indicated highly recurrent chromosomal changes among Core 

ONB with a high frequency of combined loss of chromosome 1-4, 8-10 and 12. NGS 

sequencing did not reveal highly recurrent mutations in ONB, with the only 

recurrently mutated genes being TP53 and DNMT3A.  

In conclusion, we demonstrate that institutionally diagnosed ONB are a 

heterogeneous group of tumors. Expression of cytokeratin, chromogranin A, the 

mutational status of IDH2 as well as DNA methylation patterns may greatly aid in the 

precise classification of ONB.  

 

Introduction 

Olfactory neuroblastoma/esthesioneuroblastoma (ONB) is an uncommon 

neuroectodermal neoplasm of the sinonasal tract and presumed to arise from the 

olfactory epithelium [7, 14]. Due to its rarity with an estimated incidence of 0.4 per 

million, accounting of only 2-3 percent of all sinonasal tumors [59], little is known 

about ONB genetics, molecular biology, or pathogenesis, as tumor tissue samples for 

comprehensive large-scale studies are limited. 

The differential diagnosis of sinonasal “small round blue cell tumors” and tumors with 

neuroendocrine differentiation at this site is broad and complex [6, 20, 24, 33, 35, 42, 

46, 58], including extremely rare entities, such as “Ectopic Sphenoid Sinus Pituitary 

Adenoma (ESSPA)” [50] and “Non-Small Cell Neuroendocrine Carcinoma of the 

Sinonasal Tract” [56]. Therefore, misdiagnosis of ONB is likely a common, but 

underreported problem [10], as histologically defined ONB may include other tumor 

entities that morphologically mimic ONB. This may in turn impede the reliability of 

biologic insights drawn from ONB study cohorts and, more importantly, negatively 

influences treatment decisions and outcomes of patients. A striking historic example 



for a misleading study on ONB biology was the report on EWS/FLI1 fusions in four 

out of six ONB patients [43], which has been subsequently disproven by several 

other authors [4, 27, 28]. Most likely, these cases represented sinonasal Ewing 

sarcomas that were classified as ONB due to histological mimicking. A recent study 

by López-Hernández et al. [29] undertook an assessment of cytokeratin and 

neuroendocrine immunohistochemical marker expression in a cohort of previously 

diagnosed ONB, sinonasal neuroendocrine carcinoma and sinonasal undifferentiated 

carcinoma tumor specimen (n=54 in total) and found more homogenous gene copy 

number profiles by Affymetrix OncoScan genome-wide copy number profiling for 

each tumor entity when initial diagnosis was revised by assessment of this narrow 

set of immunohistochemical markers, indicating better molecular homogeneity of 

tumor groups after reassessment. The authors proposed correction of diagnosis in 17 

of 54 (31 %) of cases whereby ONB seemed to be relatively over-diagnosed initially 

[29]. 

Current knowledge on ONB pathobiology mainly derives from comparative genomic 

hybridization studies of smaller cohorts [5, 19, 29, 41] resulting in the notion of 

varying complex cytogenetic aberrations and from two independent whole-genome 

sequencing approaches of individual cases [9, 57].  

Three recent studies by Gay et al. [18], Lazo de la Vega et al. [28] and Topcagic et 

al. [51] independently analyzed larger cohorts of ONB (n=41, n=18 and n=15 cases, 

respectively) by next-generation sequencing (NGS) methods. They noted 

heterogeneous, potentially drugable genetic aberrations in up to 51% of tumor 

samples, but highly recurrent variants were not detected. The TP53 tumor 

suppressor gene was mutated in up to 17% of cases in the ONB cohort of Gay et al. 

[19]. 



The reliability of reported results remains, however, questionable, as the 

homogeneity of the investigated study cohorts was defined by histology alone, which, 

in the case of ONB, is rather difficult to distinguish from several differential diagnostic 

entities. 

A recent method to sharpen tumor classification and subsequently diagnostic 

accuracy is global DNA methylation profiling, which has already led to re-definitions 

and sub-classifications of various histopathological CNS tumor entities, such as the 

disintegration of the CNS primitive neuroectodermal tumor (CNS-PNET) entity into 

several established and four novel tumor entities [44] and sub-classifications of 

histopathologically defined medulloblastoma [21], ependymal tumors [38], 

glioblastoma [36, 45], and atypical teratoid/rhabdoid tumors [26]. Moreover, a 

machine-learning classifier algorithm developed from such a reshaped brain tumor 

classification offers a proof-of-concept for optimizing diagnostic accuracy in the 

neuropathological work-up of brain tumors 

(https://www.molecularneuropathology.org; Capper, Jones, Sill, Hovestadt et al., 

Nature 2018 in press). 

We here analyzed a series of 66 tumors with the institutional diagnosis of ONB using 

a genome-wide DNA methylation profiling-based approach and secondary integration 

with histopathological findings. We hereby delineated a purified “Core ONB” group 

that we then analyzed in more detail concerning molecular traits. 

 

Materials and methods 
 
 

Patient population 

Formalin-fixed, paraffin-embedded (FFPE) tumor samples from 66 patients with the 

institutional diagnosis of olfactory neuroblastoma (age 9-82) and tumor samples from  

https://www.molecularneuropathology.org)/


n=10 alveolar rhabdomyosarcomas, n=5 pituitary carcinomas, n=6 sinonasal 

adenocarcinomas, n=2 sinonasal neuroendocrine carcinomas, n=2 IDH2-mutant 

sinonasal carcinomas, n=13 sinonasal squamous−cell carcinomas, and n=8 

sinonasal undifferentiated carcinomas (SNUC) were obtained from 9 different 

medical centers across Germany and from one center each in Switzerland, the 

United Kingdom, and the USA. Diagnosis was based on the current WHO 

classification for head and neck tumors [59]. Tissue sample collection, data collection 

and use were done in accordance with local ethics regulations and approval. Details 

of the institutional olfactory neuroblastoma cohort are given in Supplementary Table 

1.  

Additionally, previously published methylation data of n=12 melanomas, n=13 

lymphomas, n=23 CNS high grade neuroepithelial tumors with BCOR alteration, 

n=21 CNS high grade neuroepithelial tumors with MN1 alteration, n=13 Ewing 

sarcoma family tumors with CIC alteration, n=39 CNS neuroblastomas with FOXR2 

activation, n=14 Ewing sarcomas, n=19 paragangliomas, n=95 pituitary adenomas 

were used for analyses (Capper, Jones, Sill, Hovestadt et al., Nature 2018 in press). 

The DNA methylation data of single cases from our “Core ONB” samples have been 

previously published (Capper, Jones, Sill, Hovestadt et al., Nature 2018 in press).   

 

DNA methylation array processing and copy number profiling 

DNA was extracted from tumors and analyzed for genome wide DNA methylation 

patterns using the Illumina HumanMethylation450 BeadChip (450K) array or the 

Illumina EPIC array. Processing of DNA methylation data was performed with custom 

approaches as previously described [21, 45]. Copy number profiles were generated 

using the ‘conumee’ package for “R” environment 

(http://bioconductor.org/packages/release/bioc/html/conumee.html). Methylation-



class-wide relative copy-number assessment was done based on 450K or EPIC 

array data by a proprietary algorithm (Stichel, D. and colleagues, unpublished). 

Euploid levels were determined based on the SNPs included on the BeadChip. The 

results were controlled by manual inspection of the conumee-based copy number 

profiles. Clustering was performed using the beta values of the n=25,000 most 

variably methylated probes as measured by standard deviation. To test for cluster 

stability, clustering was compared for different numbers of selected most variably 

methylated probes (range 5,000 to 25,000 probes). Samples were clustered using 

Pearson correlation coefficient as the distance measure and average linkage (x-axis). 

Methylation probes were reordered by hierarchical clustering 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 [54]. For supplementary t-SNE analysis, available 450K or EPIC array DNA 

methylation profiles of “small round blue cell” tumor entities and neuroendocrine 

tumor samples were added (groups equivalent to reference groups of the brain tumor 

classifier v11b2; detailed information: 

https://www.molecularneuropathology.org/mnp/classifier/1). For the assessment of 

relative hyper- or hypomethylation of CpG sites between tumor groups, mean beta-

values for single tumor samples were calculated for all CpG-probes of the DNA 

methylation array to assess “overall CpG methylation” and for CpG probes mapped 

to CpG islands according to “Relation_to_UCSC_CpG_Island”information from the  

Infinium MethylationEPIC Array manifest 

(https://support.illumina.com/array/array_kits/infinium-methylationepic-beadchip-

kit/downloads.html) to assess “CpG island methylation”. The distribution of mean-

beta values between tumor groups were compared and visualized by box plot 

diagrams. The distribution of beta-values (“methylation ratio”) of all probes mapped to 

https://www.molecularneuropathology.org/mnp/classifier/1
https://support.illumina.com/array/array_kits/infinium-methylationepic-beadchip-kit/downloads.html)
https://support.illumina.com/array/array_kits/infinium-methylationepic-beadchip-kit/downloads.html)


CpG islands for individual cases were visually compared between tumor samples 

using a density estimation plot. For the assessment of CpG island methylator 

phenotype (CIMP) status, methylation data of brain tumor groups with established 

CIMP [53] was used for comparison (Astrocytoma, IDH-mutant (CIMP), n=77 and 

Oligodendroglioma, IDH-mutant (CIMP), n=60; tumor samples from methylation class 

reference groups “IDH glioma, subclass 1p/19q codeleted oligodendroglioma” and 

“IDH glioma, subclass astrocytoma” of the brain tumor classifier v11b2; detailed 

information: https://www.molecularneuropathology.org/mnp/classifier/1) 

 

Histology and immunohistochemistry (IHC) 

FFPE human tumor samples were stained with hematoxylin-eosin (H&E) according 

to standard protocols. For the assessment of tumor grading of the 66 institutional 

olfactory neuroblastoma, each sample was independently evaluated by two 

experienced neuropathologists according to the Hyams grading system of olfactory 

neuroblastoma [23]. For immunohistochemistry (IHC), the following primary 

antibodies and concentrations were used: anti-S100: 1:3000 (ab14849, Abcam), anti-

chromogranin A: 1:400 (M0869, Dako) and anti-pan-cytokeratin: 1:500 (Z0622, 

Dako). S100-staining patterns were determined as “nest-surrounding” if >85% of 

tumor cell nests were encapsulated and demarcated from stroma cells by a closed 

layer of S100 positive cells. Chromogranin A staining patterns were considered as 

“homogenous” if >85% of tumor cells showed immunoexpression. Cytokeratin 

staining was considered “diffuse”, if ≥25% of tumor cells were stained throughout the 

tissue without local restrictions. All markers were considered “negative”, if <1% of 

cells were stained. For any staining pattern in-between the mentioned ones, the 

pattern was labeled as “sparse or focal”, “sparse cells”, or “focal” for the respective 

marker taking into account the characteristic staining pattern for each marker. 

https://www.molecularneuropathology.org/mnp/classifier/1


 

Panel sequencing and targeted IDH1/2 sequencing 

Targeted exon capture and next-generation sequencing of all coding exons of 560 

tumor relevant genes (OncoPanel version 3, OPv3) (cf. Supplementary Table 2 for a 

list of targeted genes) were performed as previously described [3, 55] for a subset of 

tumor samples (n=20 “Core ONB”, n=3 “Sinonasal tumors with IDH2 mutation”) with 

available DNA of sufficient yield and quality. Briefly, concentration of double-stranded 

DNA was quantified using Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies) 

and fragmented using Covaris sonication (LE220 Focused-ultrasonicator, Covaris). 

Fragmented DNA was purified using Agencourt AMPure XP beads (Beckman 

Coulter, Inc.). Size-selected DNA was then ligated to sequencing adaptors with 

sample-specific barcodes (KAPA Library Preparation Kit, Roche) and quantified by 

qPCR. Normalized libraries were pooled and enriched for the exonic regions of the 

OPv3 genes using the SureSelect Target Enrichment system (Agilent Technologies). 

The capture pool was sequenced in two lanes of the HiSeq 2500 system (Illumina 

Inc.) in Rapid Run Mode. Pooled sample reads were de-multiplexed and sorted using 

the Picard tools (https://broadinstitute.github.io/picard/). Reads were aligned to the 

reference sequence b37 edition from the Human Genome Reference Consortium 

using bwa (http://bio-bwa.sourceforge.net/bwa.html) using the following parameters “-

q 5 -l 32 -k 2 -o 1” and duplicate reads were identified and removed using the Picard 

tools. A coverage of ≥30x for >80% of the targets were achieved for all samples. 

Mutation analysis for single nucleotide variants (SNVs) and indel calling was 

performed using Lofreq v2.1.3.1 [60] (http://csb5.github.io/lofreq/). The analysis was 

run in unpaired mode in the absence of germline probes. Oncotator 

(http://www.broadinstitute.org/oncotator) was used for annotation. A selection of likely 

https://broadinstitute.github.io/picard/
http://bio-bwa.sourceforge.net/bwa.html
http://csb5.github.io/lofreq/
http://www.broadinstitute.org/oncotator


somatic non-synonymous variants with possible pathogenicity and biologic impact for 

the respective tumor sample was achieved as follows: 

First, variants were filtered using annotation of population frequency from the 6,500 

exome release of the Exome Sequencing Project (ESP), and in further consideration 

of information from dbSNP and COSMIC databases. Variants represented at ≥ 1% in 

the ESP-European-American population and not listed in COSMIC ≥ 2x were not 

considered possible pathogenic somatic variants and were removed. Of the 

remainder, variants listed in dbSNP only and not in COSMIC were also removed. 

Variants listed both in dbSNP and COSMIC databases were only kept, if available 

information highlighted a pathogenic variant. Non-synonymy was assumed for 

variants with Oncotator classification frameshift, initiator codon, missense, nonsense, 

splice acceptor/donor/region, stop lost or inframe deletion/insertion. All remaining 

variants were manually reviewed using IGV viewer 

(http://software.broadinstitute.org/software/igv/). 

To predict pathogenic significance of missense SNVs in silico, the LR algorithm-

based ensemble prediction score from Dong et al. 2015 [13], which integrates 

information from nine independent prediction scores and minor allele frequency 

(MAF) from the 1000 Genomes project [2] was applied and variants labeled as 

“tolerated” were removed. For the prediction of functional splice site defects, the 

NNSplice algorithm of Reese et al. 1997 [39] 

(http://www.fruitfly.org/seq_tools/splice.html) was used. Frameshift indels were 

considered pathogenic, with the exception of variants lying at the very 3’ end of the 

gene. Non-frameshift indels were manually reviewed for possible disruption of 

functionally relevant protein sites. 

For the estimation of biological relevance of possibly pathogenic somatic non-

synonymous variants, a threshold of ≥ 20% of the sample-specific maximum variant 



allele frequency was claimed for assuming a relevant impact on tumor biology. 

Variants with allele frequency < 20% of sample-specific maximum variant allele 

frequency were not considered biologically relevant for the individual tumor, but 

rather assumed to be passenger mutations. The threshold was defined relative to the 

sample-specific maximum allele frequency under the assumption that the tumor cell 

content varies between samples and that the maximum sample-specific allele 

frequency of a variant correlates with the actual tumor cell content of the sample. In 

cases where the sample-specific maximum variant allele frequency was < 10%, no 

biologically relevant mutation was assumed. 

Pathway assignment and functional categorization of likely pathogenic variants was 

achieved using DAVID 6.8 (https://david.ncifcrf.gov). 

IDH1 and IDH2 genes were additionally sequenced for all “Sinonasal tumors with 

IDH2 mutation” (n=7) and “Sinonasal IDH2 carcinoma” (n=2) by Sanger sequencing. 

 
 

Statistical analysis 

For the comparison of Hyams grade distributions and distributions of IHC staining 

patterns for different markers between methylation groups, the Kruskal-Wallis test 

was applied followed by Dunn’s post test for multiple comparisons between 

methylation groups. For the comparison of these distributions between “Core ONB A” 

and “Core ONB B” tumors, the Mann-Whitney test was applied. Baseline 

characteristics were compared using Kruskal-Wallis and Dunn’s post test for “mean 

age” and Chi-square test for the comparison of “sex”. The distribution of overall 

survival (OS) was calculated according to the Kaplan–Meier method. OS was 

calculated from the date of pathological diagnosis until death of patient from disease 

or last contact for patients who were still alive. P-values <0.05 were considered 

https://david.ncifcrf.gov/


significant. Statistics and graphs were computed with GraphPad Prism 7 (GraphPad 

Software, Inc.). 

 

 

Results 
 
 

Institutionally diagnosed olfactory neuroblastomas are heterogeneous and can 

be divided into four groups by DNA methylation profiling 

Genome-wide DNA methylation profiles of the 66 institutionally diagnosed ONB were 

generated and analyzed by unsupervised hierarchical clustering (Figure 1). This 

analysis demonstrated the presence of four clearly demarcated clusters. The 

formation of clusters was robust for different numbers of CpG probes selected for 

calculation (data not shown). Of the 66 institutionally diagnosed ONB n=42 (64%) 

formed the largest group (termed “Core ONB”, Figure 1). Median age for these 

patients was 62 years (range 20 to 82) and the sex distribution was balanced 

(Supplementary Figure 4A). In a previous analysis, two subgroups within “Core ONB” 

were proposed (Capper, Jones, Sill, Hovestadt et al., Nature 2018 in press). We also 

observed these two subgroups in the here presented larger, partly overlapping data 

set (Supplementary Figure 1A). However, further analysis indicated that the cluster 

groups were not robust to perturbation of the number of most variant probes used for 

cluster analysis with several cases switching between classes. In addition, we were 

not able to detect histological, immunohistochemical (Supplementary Figure 1B-M), 

or copy number profile differences (Supplementary Figure 2A, B) between the two 

groups and thus decided not to separate these two putative ONB sub-clusters for the 

time being.  



A second DNA methylation group consisted of seven cases with a DNA 

hypermethylation phenotype. This group had both, a strong global but also a strong 

CpG island methylation (Supplementary Figure 3A-C) reminiscent of the CpG island 

methylation phenotype (CIMP) observed for IDH-mutant gliomas (astrocytomas and 

oligodendrogliomas) [57]. Indeed, targeted sequencing of IDH1 and IDH2 genes 

revealed R172 IDH2 hotspot mutations in all cases (see below). The group was 

therefore provisionally named "Sinonasal tumors with IDH2 mutation".  

A third small cluster group (n=4) among the institutionally diagnosed ONB also had a 

high level of overall CpG methylation, but in contrast to the "sinonasal tumors with 

IDH2 mutation" demonstrated no striking CpG island hypermethylation and carried 

neither IDH1 nor IDH2 mutations (Supplementary Figure 3A-C). This group was 

provisionally termed “sinonasal tumors, high methylation”, as further defining 

molecular features could not be identified due to the small number of cases and 

limited materials. The fourth cluster group consisted of 13 cases with more 

heterogeneous DNA methylation profiles. This group was provisionally named "Other 

sinonasal tumors".  

 

T-Distributed Stochastic Neighbor Embedding (t-SNE) analysis of ONB with 

other methylation classes  

To further clarify the origin of the four methylation groups we compared the 

methylation profiled of the 66 institutionally diagnosed ONB with the methylation 

profiles of 304 cases of relevant differential diagnoses by t-SNE (Figure 2). In this 

analysis the "Core ONB" group and the small group "Sinonasal tumors, high 

methylation" showed no overlap with other classes, further indicating that these likely 

represent unique tumor classes. In contrast, "Sinonasal tumors with IDH2 mutation" 

tightly grouped with the two cases of the recently described group of IDH2-mutant 



sinonasal carcinoma (“Sinonasal IDH2 carcinoma”) [12, 25]. The heterogeneous 

group of 13 "Other sinonasal tumors" did also not form a distinct group but intermixed 

with cases diagnosed as sinonasal adenocarcinoma, sinonasal squamous cell 

carcinoma, sinonasal neuroendocrine carcinoma, and sinonasal undifferentiated 

carcinoma.  

 
 

Histological reassessment of the four methylation groups constituting 

institutionally diagnosed ONB 

Histological reassessment of “Core ONB” cases demonstrated that these tumors 

invariably displayed the classical ONB histoarchitecture composed of lobulated tumor 

cell "nests" demarcated by frequently hyalinized fibrous stroma (Figure 3A). A 

reminiscent pattern was also seen in the DNA methylation group “Sinonasal tumors, 

high methylation” (Figure 3C), whereas “Sinonasal tumors with IDH2 mutation” and 

“Other sinonasal tumors” exhibited various patterns of histoarchitecture, such as solid 

growth pattern and comedo-like necrosis (examples in Figure 3B and D). Necrosis 

was particularly frequent in “Sinonasal tumors with IDH2 mutation” (6/7 = 87%) and 

“Other sinonasal tumors”, but not in “Core ONB” cases or “Sinonasal tumors, high 

methylation”. In line with this, differences were observed concerning the distribution 

of Hyams grades between the methylation groups with “Core ONB” cases tending to 

display a low-grade histology with not a single case fulfilling the criteria for a Hyams 

grade IV (Figure 3Q). In contrast, “Sinonasal tumors with IDH2 mutation” tended 

towards high-grade histology.  

Immunohistochemistry demonstrated further differences between the methylation 

groups in line with the results from molecular analyses: the typical pattern of S100 

positive sustentacular-like cells surrounding ONB tumor nests was frequently 

observed in “Core ONB”, “Sinonasal tumors with IDH2 mutation”, and “Sinonasal 



tumors, high methylation”, but was never observed in the group of "Other sinonasal 

tumors" (Figure 3E-H and 3R). Chromogranin A reactivity was also highly enriched in 

"Core ONB" samples and “Sinonasal tumors, high methylation” but rare in the other 

two methylation groups (Figure 3I-L, Figure 3S).  

According to the current literature, up to one third of ONB cases can exhibit focal 

staining for cytokeratins [32, 48] and rare cases might even show diffuse reactivity in 

proportions of tumor tissue [31, 32, 47]. In this cohort, this only held true for a single 

case within the “Core ONB” group, which displayed diffuse cytokeratin expression 

(Figure 3T). However, diffuse cytokeratin reactivity was a typical feature of 

“Sinonasal tumors with IDH2 mutation” and “Other sinonasal tumors” (Figure 3T; 

representative staining examples in Figures 3N and P vs. 3M and O).  

In this cohort, neither the lack of homogenous chromogranin A immunoreactivity nor 

diffuse cytokeratin expression excluded the “Core ONB” category, but the combined 

presence of both features was not seen in any of the “Core ONB” specimens.  

From our histological and molecular analyses we conclude, that the methylation 

group "Core ONB" is closest to the WHO defined entity of ONB [59], and also by 

DNA methylation signature represents a distinct entity. Tumors of the DNA 

methylation group “Sinonasal tumors with IDH2 mutation” show predominant features 

of undifferentiated high-grade carcinoma and are likely identical to the recently 

defined “Sinonasal IDH2 carcinoma” [12, 25]. The DNA methylation group “Other 

sinonasal tumors” both molecularly and histologically represent an inhomogeneous 

group likely encompassing various intranasal epithelial tumor entities. Due to the 

small group size and lack of tissue material, speculation about the underlying 

histopathological tumor entity of the “Sinonasal tumors, high methylation” group was 

difficult, but the evaluable samples shared histological similarities to ONB, while 

differing from sinonasal epithelial tumor entities. 



 

Copy number analysis of “Core ONB” methylation group tumors and 

“Sinonasal tumors with IDH2 mutation” 

Copy number profiling based on DNA methylation data invariably revealed complex 

cytogenetic aberrations across all “Core ONB” samples with the predominance of 

whole chromosomal losses whereas the other 3 methylation groups had less 

characteristic changes (Figure 4A). Cumulated CNV profiles of the “Core ONB” group 

revealed a highly recurrent pattern of loss of chromosomes 1, 2, 3, 4, 8, 9, 10, and 12 

in almost all cases (Figure 4B). “Sinonasal tumors with IDH2 mutation” DNA 

methylation group tumors recurrently harbored combined deletion of chromosomal 

arm 17p (del(17p)) and gain of 17q (17q+), suggestive of an isochromosome 17q 

(i(17q) in 5 out of 7 cases (71%) (Figure 4B). The “Sinonasal tumors, high 

methylation” and “Other sinonasal tumors” groups encompassed a broad spectrum of 

copy number profiles, ranging from cases with balanced karyotype to cases with 

highly complex alterations (Figure 4A). Recurrent gene amplifications were not 

observed within the study cohort. Single amplifications for CDK6 and MDM4 (each 

n=1 sample of “Core ONB”) and EGFR (n=1 sample of “Sinonasal tumors with IDH2 

mutation”) were detected. 

 

Mutational spectrum of "Core ONB" and “Sinonasal tumors with IDH2 

mutation” 

Genomic profiling by an NGS sequencing approach of a panel of 560 tumor-

associated genes (list of covered genes in Supplementary Table 2) was pursued in a 

subset of 20 “Core ONB” tumors and three “Sinonasal tumors with IDH2 mutation”. 

As matched germline was not available, an algorithm for filtering likely somatic non-



synonymous variants and for the assumption of possible pathogenicity and biologic 

impact was implemented (see materials and methods section). Across all 23 

analyzed tumors, n=42 likely somatic and pathologic non-synonymous variants were 

identified (Supplementary Table 3), including n=32 single-nucleotide polymorphisms 

(SNPs), n=7 frameshift insertions or deletions (indels) and n=3 splice site defects. 

Among the “Core ONB”-group (n=20), n=33 variants were detected (Figure 5A). 

Recurrently mutated genes were DNMT3A and TP53, both mutated in two cases 

each (10% of “Core ONB”). The two cases with mutated TP53 (Sample ID 10 and 13) 

also harbor a deletion of chromosome 17 in copy number profiling analysis, leading 

to the assumption of a functionally relevant loss-of-heterozygosity (LOH) in these 

cases. TP53 mutations have previously been described in ONB [8, 18, 28, 51, 57]. All 

other mutated genes were only affected once in our series. A full list of variants of 

"Core ONB" is given in Figure 5A.   

We further analyzed a possible enrichment of the detected "Core ONB" variants in 

specific signaling pathways or for specific gene function categories (Figure 5B). The 

most frequently altered signaling pathways were TP53/cell cycle/apoptosis (n=7/20; 

35%) and RAS-PIK3-AKT/-MAPK (n=5/20; 25%). Regarding gene function 

categories, chromatin remodeling (n=5/20; 25%), cell 

adhesion/migration/cytoskeleton (n=4/20; 20%), transcription regulation (n=3/20; 

15%) and DNA repair (n=3/20; 15%) were frequently altered.  

Among the three "Sinonasal tumors with IDH2 mutation" analyzed by panel 

sequencing the only detected recurrent variants affected the IDH2 hotspot at codon 

R172. Targeted sequencing of IDH1 and IDH2 revealed further IDH2 hotspot 

mutations at codon R172 in all remaining cases of the methylation group "Sinonasal 

tumors with IDH2 mutation" (n=7 in total). The identified codon R172 alterations 

comprised four R172S mutations and one R172G, R172T, and R172I mutation. As 



known for other types of cancer, the IDH2 mutation is likely causative for the high 

CpG island methylation level (Supplementary Figure 3B-C) observed in "Sinonasal 

tumors with IDH2 mutation" [18]. Two tumor samples of sinonasal carcinomas with 

known IDH2 mutations (“Sinonasal IDH2 carcinoma” in Figure 2) were available for 

comparison and harbored similar IDH2 R172 mutations. Given the conformity of 

“Sinonasal tumors with IDH2 mutation” from our institutionally diagnosed ONB series 

and “Sinonasal IDH2 carcinoma” on the level of methylation profiling, histology and 

characteristic IDH2 R172 mutations, identity of these two tumor groups was 

postulated and led to the uniting definition of “Sinonasal IDH2 carcinoma”. This 

“Sinonasal IDH2 carcinoma” designation likely represents a more precise, DNA 

methylation-based definition of the recently described subset of IDH2-mutated 

SNUCs [12, 25]. Targeted IDH1 and IDH2 sequencing in 3 out of 4 samples of 

“Sinonasal tumors, high methylation” with available material did not reveal an IDH1 or 

IDH2 mutation in this tumor group.  

 

Clinical data assessment 

For the DNA methylation groups “Core ONB”, “Sinonasal tumors, high methylation”, 

and “Sinonasal IDH2 carcinoma” the clinical characteristics median age at diagnosis 

and sex were recorded, and variables were compared between groups by 

nonparametric testing (Supplementary Figure 4A). The analysis revealed a 

significantly lower median age at diagnosis for “Sinonasal tumors, high methylation” 

compared to “Core ONB” tumors and “Sinonasal IDH2 carcinoma” (28.5y vs. 62y and 

52.5y, respectively, p=0.007). In addition, “Sinonasal IDH2 carcinoma” demonstrated 

a non-significant imbalance in sex distribution with 7 of 8 manifestations (87.5%) 

occurring in male patients compared with a balanced sex distribution in “Core ONB” 

and “Sinonasal tumors, high methylation”. Kaplan-Meier analysis for comparison of 



overall survival (OS) from time point of diagnosis is shown in Supplementary Figure 

4B. However, the limited available retrospective data for DNA methylation groups 

“Sinonasal tumors, high methylation” and “Sinonasal IDH2 carcinoma” did not allow 

for a meaningful calculation of OS and comparative survival assessment. 

 

Discussion 

This study describes the molecular dissection of institutionally diagnosed ONB 

followed by subsequent integration with classical histopathology. This approach led 

to the identification of four subgroups among cases diagnosed as ONB: a “Core 

ONB” DNA methylation group with classical ONB histology, mostly representing the 

traditional concept of ONB according to the WHO classification of head and neck 

tumors [59]; then a second small group of tumors with a distinct DNA methylation 

profile and a high level of total DNA methylation, histological features reminiscent of 

ONB and without IDH1 or IDH2 mutations; a third group that both by histology and 

molecular features could be reclassified as "Sinonasal IDH2 carcinoma” and a fourth 

heterogeneous group that showed resemblance to various other sinonasal carcinoma 

classes by histology and methylation profiling.  

These findings indicate that ONB defined by histology alone may be ‘contaminated’ 

by other tumor entities. Overall, DNA methylation profiling indicates that 36.4% of the 

tumors of our initial ONB cohort (24 of 66 cases) cannot be considered reliably as 

ONB, including a substantial subset of cases most likely corresponding to sinonasal 

carcinomas rather than ONB. This number thus provides an indication of the 

magnitude of potential ‘contamination’ of histologically defined ONB cohorts by other 

entities [10, 29]. 



The “Core ONB” DNA methylation group as the sharply defined representative of the 

ONB entity is characterized by a classical ONB histology with nest-stroma 

histoarchitecture, homogenous chromogranin A staining and predominantly absent 

cytokeratin immunoreactivity. On the contrary, the absence of a homogenous 

staining pattern for chromogranin A or presence of diffuse cytokeratin 

immunoreactivity (1/21 and 1/18 in the “Core ONB” group) rendered the diagnosis of 

tumors of this group highly unlikely and the combination of both features did not 

occur in any of the “Core ONB” methylation tumors. In contrast to the literature [11, 

16, 24, 34, 37, 49], a nest-surrounding S100 staining pattern appeared as an 

unsuitable criterion for discrimination of ONB from differential diagnoses, as it was 

also encountered in “Sinonasal tumors, high methylation” and a substantial 

proportion of “Sinonasal IDH2 carcinoma”. With respect to grading, “Core ONB” 

tumors comprise mostly low-grade tumors with Hyams grade IV tumors being absent 

in this group, questioning the concept of high-grade ONB and therefore the 

composition of the original cohort used for establishment of the Hyams grading 

system [23]. Further characterization of “Core ONB” tumors revealed highly recurrent 

losses of whole chromosome 1, 2, 3, 4, 8, 9, 10, and 12 and showed recurrent 

mutations of TP53 and DNMT3A (each 10%). DNMT3A is a DNA methyltransferase 

that catalyzes the transfer of a methyl group to the 5′-position of cytosine within a 

CpG dinucleotide. Mutations of DNMT3A (most frequently R882H mutations located 

in the catalytic domain) are common in AML and are associated with CpG promotor 

hypomethylation and unfavorable prognosis [17]. One of the two detected DNMT3A 

mutations for ONB in this study can also be localized to the methyltransferase 

domain of the protein (R688C; tumor sample ID 13). We did not further investigate 

possible functional consequences of these mutations within this study.   



“Sinonasal IDH2 carcinoma” were characterized by a CpG island methylator 

phenotype (CIMP) [22], high-grade histology with frequent necrosis, frequent 

deletions of 17p (likely via isochromosome 17q (i(17q); 71% of cases) and IDH2 

hotspot mutations in 100% of cases [18] as the likely basis of CIMP status [57]. Our 

histological analysis further demonstrated that they are likely indistinguishable from 

the recently described IDH2 mutated SNUCs [12, 25]. DNA hypermethylation of 

promoter-associated CpG islands of tumor suppressor and DNA repair genes, which 

leads to transcriptional silencing of these genes, has been recognized as an 

important epigenetic alteration in human neoplasia [15]. In addition, widespread 

genome-wide CpG island promoter methylation, also referred to as CIMP, has been 

described in various tumor types [22] (e.g. colorectal carcinoma [52], neuroblastoma 

[1], glioblastoma [40] and lower grade glioma [53]) and has been utilized for 

predicting prognosis and response to treatment [22]. Additionally, our data suggested 

that “Sinonasal IDH2 carcinoma” predominantly tend to arise in male patients. 

Although this finding was not significant, it might reflect a possible effect of lifestyle 

factors (e.g. tobacco smoke) on pathogenesis of those tumors in contrast to “Core 

ONB” group tumors or “Sinonasal tumors, high methylation”, which has been 

emphasized in other head & neck malignancies [40]. Because of the close relation to 

recently described IDH2 mutated SNUCs we proposed the name of “Sinonasal IDH2 

carcinoma” for this class of tumors [12, 25]. Our study newly adds CIMP and frequent 

isochromosome 17q as common molecular features of this class. Concerning the 

classification, we would consider these cases as separate from other SNUC, as 

these cases have a highly distinctive methylation pattern different from the remaining 

SNUC of our series. A similar reordering of tumor classes was previously observed 

for IDH-mutant glioma that are now considered as a separate tumor class from IDH-

wildtype glioma [30].  



The “Sinonasal tumors, high methylation” group remains elusive after this study due 

to its small size of only four assigned cases and lacking material for insightful 

histopathologic examination or genomic profiling. However, available histology 

suggests its similarity to ONB rather than to epithelial tumors. This group 

characteristically displayed a pronounced level of overall CpG methylation and a 

preferential manifestation onset in young adult patients. “Sinonasal tumors, high 

methylation” might represent samples from an unrecognized subgroup of ONB or 

even a novel rare undefined sinonasal tumor entity. 

Our study is in line with various DNA methylation array-based re-definitions and sub-

classifications of histopathological CNS tumor entities [21, 26, 36, 38, 45]. The 

proposed reshaping of the ONB entity herein is another example for the usability and 

power of array-based genome-wide DNA methylation profiling. Given the vast and 

complex portfolio of differential diagnoses for sinonasal tumors, a reliable 

classification of tumors in this location by histology and immunohistochemistry alone 

might be questionable across various tumor entities, as this study illustrates for ONB, 

and may imply suboptimal therapy decisions and outcome prediction. In particular, 

such consideration strongly questions the histopathology-only based diagnostic 

evaluation in the face of advantageous supplementary methods. The DNA 

methylation profiling-based brain tumor classifier 

(https://www.molecularneuropathology.org; Capper, Jones, Sill, Hovestadt et al., 

Nature 2018 in press) is a proof-of-concept tool for the optimization of diagnostic 

accuracy for brain tumor differentiation by means of molecular data and the 

availability of a similar tool for sinonasal tumors would certainly enhance the reliability 

in sinonasal tumor diagnostics. 

Based on our experiences from this study, we have drafted a diagnostic algorithm, 

intending to strengthen diagnostic accuracy in routine ONB diagnostics starting from 

https://www.molecularneuropathology.org)/


the point of “suspected ONB” based on routine histopathological evaluation (Figure 

6). The proposed algorithm may also help for a rational implementation of DNA 

methylation analysis and IDH2 sequencing in the routine diagnostic work-up for ONB, 

which were fundamental for the present study. 
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Figure legends 
 
 
Figure 1. DNA methylation profiling-based cluster analysis of institutionally 

diagnosed olfactory neuroblastoma (ONB). Unsupervised hierarchical cluster 

analysis of DNA methylation profiles from n=66 tumor samples with the institutional 

diagnosis of olfactory neuroblastoma, using the 25,000 most variant probes, resulted 

in 3 clusters and an additional group of tumors with heterogeneous DNA methylation 

profiles (“Other sinonasal tumors”, n=13). The largest group consisted of n=42 cases 

and was designated as "Core ONB”. The cluster “Sinonasal tumors, high 

methylation” (n=4) showed a pronounced overall CpG methylation. “Sinonasal tumors 

with IDH2 mutation” (n=7) displayed a CpG island methylator phenotype (CIMP).  

 

Figure 2. t-SNE analysis of institutionally diagnosed ONB combined with 

differential diagnoses. t-distributed Stochastic Neighbor Embedding (t-SNE) 

analysis of DNA methylation profiles from tumor samples included in the cluster 

analysis (n=66) (annotated & color coded according to “Methylation group” color code 

in Figure 1) supported the stratification into 4 DNA methylation groups: an ONB core 

group (“Core ONB”, n=42) and 3 additional groups: “Sinonasal tumors, high 

methylation” (n=4), “Sinonasal tumors with IDH2 mutation” (n=7) and “Other 



sinonasal tumors” (n=13). Inclusion of methylation profiling data from differential 

diagnoses of ONB (n=304 samples; tumor group annotations within and below right-

hand corner of the figure) revealed no overlap between “Core ONB” and “Sinonasal 

tumors, high meth.” with any other tumor group, supporting the uniqueness of these 

tumor classes. “Sinonsal tumors with IDH2 mutations” converged with Sinonasal 

IDH2 carcinoma, suggesting identity of these tumor groups. “Other sinonasal tumors” 

intermixed with samples from several tumor groups, in particular with various 

sinonasal carcinoma entities and likely represent misdiagnosed sinonasal 

carcinomas. 

 

Figure 3. Histological reassessment of institutionally diagnosed ONB in 

relation to DNA methylation grouping. The DNA methylation groups “Core ONB”, 

“Sinonasal tumors with IDH2 mutation”, “Sinonasal tumors, high methylation” and 

“Other sinonasal tumors” were histologically reassessed (H&E staining; A-D) and 

analyzed for immunohistochemical expression patterns of S100 (E-H), chromogranin 

A (I-L) and cytokeratin (M-P). Images (A-P) illustrate representative staining results 

for each marker in each group. Arrow in B indicates area of necrosis in a 

representative “Sinonasal tumor with IDH2 mutation” case. Scale bar is 100 µm (only 

visualized in A). Bar graphs in Q-T display comparisons of distributions of values for 

variables “Hyams grade” (Q), “S100” (R), “chromogranin A” (S) and “cytokeratin” (T) 

between tumor groups. Staining patterns for each marker have been operationalized 

by categorization (categories shown beneath “Key”). Distributions for each variable 

were compared between tumor groups via Kruskal-Wallis and Dunn‘s post testing for 

multiple comparisons. The “Sinonasal tumors, high methylation” group was excluded 

from this analysis, due to low case numbers. Brackets indicate group comparisons 

with significantly different distribution of values for a certain variable. 



 

Figure 4. Overview of copy number variation (CNV) profiles and comparison of 

CNV profiles between “Core ONB”- & “Sinonasal tumors with IDH2 mutation”-

groups. A, CNV profiles of all n=66 tumor samples with the institutional diagnosis of 

ONB in the same clustering order as in Figure 1. “Core ONB” (n=42) group tumors 

showed prominent cytogenetic aberrations with highly recurrent losses of several 

chromosomes while “Sinonasal tumors, high methylation” (n=4) and “Sinonasal 

tumors with IDH2 mutation” (n=8) revealed less total cytogenetic aberrations. B. 

Representative copy number profiles of example cases of group “Core ONB” and 

“Sinonasal tumors with IDH2 mutation” are depicted in the upper half. Gains 

represent positive (color coded green), losses negative (color coded red) deviations 

from the baseline for chromosomes 1-22, x and y. Integration of single CNV profiles 

of all methylation group members led to cumulated CNV profiles of the respective 

tumor groups (lower half of panel B). The rate of gains/losses across the group is 

indicated at the y-axis. 

 

Figure 5. Mutations in “Core ONB” group tumors. A. Tabular overview of 

detected variants in n=20 “Core ONB” samples analyzed by panel sequencing of 560 

tumor-associated genes. Reported variants were likely non-synonymous somatic 

mutations filtered for possible pathogenicity and biological impact. Sample IDs 

correspond to the order of samples from the initial cluster analysis (Figure 1) from left 

to right (see S1 and S3 Table). 14 of 20 (70%) of “Core ONB” samples were found to 

harbor mutations in at least one gene. dbNSFP-Ensemble-LR-Prediction-Score 

results for in silico prediction of pathogenicity were reported for SNVs. A value of 

≥0.5 represents “damaging”. Depicted variants scoring below 0.5 were kept in this 

overview due to other evidence on possible pathogenicity. B. Overview of recurrently 



altered signaling pathways & gene functions. All genes mutated for a certain pathway 

or gene functional category across all "Core ONB” samples are listed on the right. 

 

Figure 6. An algorithm for improvement of diagnostic accuracy in ONB 

diagnostics. The proposed algorithm starts from the point of “suspected ONB” after 

standard histopathological work-up. Depending on the specific characteristics of an 

individual case, up to three diagnostic steps are suggested. After initial assessment 

of chromogranin A and cytokeratin staining and Hyams grading, the diagnosis ONB 

can be rejected or accepted with high reliability for a proportion of cases. For Hyams 

high-grade tumors, we suggest IDH2 sequencing to allow for the diagnosis of 

“Sinonasal IDH2 carcinoma” in mutated cases. We recommend DNA methylation 

analysis with DNA methylation array processing and subsequent brain tumor 

classifier analysis (https://www.molecularneuropathology.org) for Hyams high-grade 

tumors without IDH2 mutations and Hyams low-grade tumors with either non-

homogenous chromogranin A or diffuse cytokeratin staining results. For tumor 

samples matching towards the two aforementioned categories, diagnosis of either 

ONB, “Sinonasal tumor with high methylation” or “Other sinonasal tumor” (which 

presumably includes various sinonasal tumor differential diagnoses) is possible and 

final assignment benefits from DNA methylation profiling. Values for sensitivity, 

specificity and negative predictive value (NPV) were calculated for selected paths 

from application of this algorithm to the original institutionally diagnosed ONB cohort 

(n=66) of this study. 

 

 

Supplementary Figure 1. Analysis of possible sub-clusters within "Core ONB". 

A. Unsupervised hierarchical cluster analysis of DNA methylation data from “Core 

https://www.molecularneuropathology.org)/


ONB” group samples (n=42) of the initial methylation cluster analysis revealed further 

subdivision of the “Core ONB” DNA methylation group into two putative clusters: 

“Core ONB A” (n=24) and “Core ONB B” (n=18). B. The methylation subgroups “Core 

ONB A” and “Core ONB B” were compared on the level of histomorphology (H&E 

staining; B-C) and for expression patterns of selected immunohistochemical markers 

S100 (E-F), chromogranin A (H-I) and cytokeratin (K-L). The images illustrate 

representative staining results for each marker in both groups. Scale bar is 100 µm 

(only visualized in B). Bar graphs display comparisons of distributions of values for 

variables “Hyams grade” (D) as well as “S100” (G), “chromogranin A” (J) and 

“cytokeratin” (M) between tumor groups. The distributions of staining patterns 

between “Core ONB A” and “Core ONB B” tumors did not differ significantly for any 

variable tested (D, G, J and M). 

 

Supplementary Figure 2. Comparative copy number variation (CNV) profiling of 

DNA methylation subgroups “Core ONB A” and “Core ONB B”. A. CNV profiles 

of the n=42 “Core ONB” tumor samples are displayed according to the clustering 

order of Supplementary Figure 1 with highlighted subdivision into putative 

methylation subgroups “Core ONB A” (n=24) and “Core ONB B” (n=18). B. The 

comparison of cumulated CNV profiles between “Core ONB A” and “Core ONB B” 

showed identical complex cytogenetic aberrations with recurrent losses of 

chromosomes 1, 2, 3, 4, 8, 9, 10, and 12 in both groups, further justifying their merge 

to an “Core ONB” DNA methylation group. 

 

Supplementary Figure 3. Assessment of overall CpG methylation and CpG 

island methylation levels. A. The distribution of mean beta-values for all CpG-

probes of the methylation array was displayed as box-plots for the sinonasal tumor 



groups “Core ONB”, Sinonasal IDH2 carcinoma”, “Sinonasal tumors, high meth.”, 

Other sinonasal tumors” and two additional brain tumor groups with established 

CIMP status (IDH-mutated astrocytoma and oligodendroglioma) to allow for 

comparison of “overall CpG methylation” between tumor groups. “Sinonasal IDH2 

carcinoma” and “Sinonasal tumors, high meth.” demonstrated relatively high overall 

CpG methylation. B. The same analysis for CpG probes of the methylation array 

mapped to CpG islands revealed similar high levels of CpG island methylation 

between CIMP reference brain tumor groups and “Sinonasal IDH2 carcinoma”, 

prompting the assumption of CIMP status for this group in accordance with detected 

recurrent IDH2 mutations. C. Density plot analysis of the distribution of beta-values 

(“methylation ratio”) of all probes mapped to CpG islands for individual tumor 

samples confirmed relative hypermethylation of CpG islands for tumor samples of the 

“Sinonasal IDH2 carcinoma” methylation group in comparison to “Core ONB” and 

“Other sinonasal tumors”. An individual case from the “Sinonasal tumors, high 

methylation” group showed similar pronounced CpG island methylation, but no 

IDH1/2-mutation. 

 

Supplementary Figure 4. Baseline characteristics and survival analysis of 

tumor groups. A. Baseline characteristics of tumor groups: The clinical attributes 

“Median age” and “Sex” were operationalized and compared by Kruskal-Wallis and 

Dunn’s post testing for “Median age” and by Chi-square testing for “Sex” between 

tumor groups. “Median age” was significantly different between “Core ONB” and 

“Sinonasal tumors, high methylation”. B. Kaplan-Meier survival analysis for tumor 

groups: A meaningful calculation of overall survival (OS) and group comparison was 

not possible due to limited clinical follow-up data.  

 



Supplementary Table 1. Overview of the institutionally diagnosed 

(histopathologically defined) olfactory neuroblastoma cohort. 

(attached excel file) 

 

Supplementary Table 2. List of genes included in the OncoPanel version 3 

exome sequencing panel.  

(attached excel file) 

 

Supplementary Table 3. List of likely somatic non-synonymous variants with 

possible pathogenic and biological impact in “Core ONB” and “Sinonasal 

tumors with IDH2 mutation”. 

(attached excel file) 
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Figure 5 
A

B
 32   13    10   15     5    27    14   24    39   40   30    36    38      6     37   35   34   11    1    17Signaling pathway Genes

TP53/cell cycle/apoptosis ABL1, CDKN2C, CREBBP, EP300, SETBP1, TP53, TP73
RAS-PIK3-AKT/-MAPK FLT4, GNAS, JAK3, MAP3K9, MET
Insulin signaling INSR

Gene functional category
Chromatin remodelling ATRX, CREBBP, DNMT3A, EP300, KMT2C, KMT2D, SMARCA4
Cell adhesion/migration/cytoskeleton ABL1, CDH2, MYH11, PIK3C2B
Transcription regulation ATRX, KMT2C, SMARCA4, SOX10, SP3, ZMYM2
DNA repair ATRX, MSH2, MSH6, XPC
Endocytosis ABL1, LRP2
Metabolism INSR
Telomere length ATRX
Ubiquitin ligase activity & autophagy ABL1
Mitosis PKHD1
Chemotherapy resistance SLC22A2

dbNSFP-Ensemble-LR- Allele
Prediction-Score Frequency

5 JAK3 Missense c.2164G>A p.V722I 0.085
0.923
0.990
0.897

0.096
6 LRP2 Missense c.764G>T

c.4195G>C
p.G255V
p.D1399H

0.760
10 EP300 Missense 0.217
10 TP53 Missense c.1031T>G p.L344R 0.297
13 ATRX Frameshift Deletion c.1185_1186delTA p.FK395fs 0.780
13 DNMT3A Missense c.2062C>T p.R688C 0.505 0.181
13 INSR Missense c.2276G>A p.R759Q 0.604 0.407
13 KMT2D Missense c.8101C>T p.R2701W 0.697 0.644
13 MET Missense c.3029C>T p.T1010I 0.376 0.465
13 MET Missense c.2329A>G p.T777A 0.569 0.439
13 MSH6 Frameshift Deletion c.1128_1133delAAAGAG p.KR377del 0.713
13 MYH11 Missense c.1097A>G p.N366S 0.641

0.763
0.377

13 SMARCA4 Missense c.4777G>A p.V1593I 0.333
13 TP53 Missense c.524G>A p.R175H 0.996 0.770
14 CRBBP Missense c.3718T>G p.C1240G 0.925 0.335
15 GNAS Missense c.10C>T p.R4C 0.588 0.464
15 TP73 Missense c.1670C>T p.A557V 0.880 0.234
24 ABL1 Missense c.868A>G p.M290V 0.770 0.295
27 MAP3K9 Missense c.2881C>G p.L961V 0.590 0.487
30 CDH2 Splice Site 0.135
30 KMT2C Frameshift Deletion c.5065_5066delGA p.E1689fs 0.115
30 SOX10 Missense c.1284G>T p.M428I 0.555 0.432
30 ZMYM2 Splice Site 0.203
32 DNMT3A Missense c.1313A>C p.D438A 0.727 0.488
32 FLT4 Missense c.1459C>G p.R487G 0.634 0.479
32 PIK3C2B Missense c.2698C>T p.R900C 0.669 0.143
32 PKHD1 Missense c.4895G>A p.G1632D 0.539 0.496
32 SP3 Missense c.1934A>T p.H645L 0.580 0.355
36 MSH2 Missense c.662G>C p.G221A 0.813 0.864
38 XPC Missense c.940C>T p.R314W 0.560 0.352
39 CDKN2C Frameshift Insertion c.413_414insAC p.D138fs 0.111
39 SLC22A2 Missense c.1309T>G

c.2627A>G
p.C437G
p.N876S

0.584
0.772

0.520
40 SETBP1 Missense 0.917

Sample ID Gene Type of variant cDNA-Change Protein-Change

Sample ID
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Copy number variations (CNVs)
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Supplementary Figure 4
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