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PATZ1 fusions define a novel molecularly distinct neuroepithelial 
tumor entity with a broad histological spectrum
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Abstract
Large-scale molecular profiling studies in recent years have shown that central nervous system (CNS) tumors display a much 
greater heterogeneity in terms of molecularly distinct entities, cellular origins and genetic drivers than anticipated from 
histological assessment. DNA methylation profiling has emerged as a useful tool for robust tumor classification, providing 
new insights into these heterogeneous molecular classes. This is particularly true for rare CNS tumors with a broad mor-
phological spectrum, which are not possible to assign as separate entities based on histological similarity alone. Here, we 
describe a molecularly distinct subset of predominantly pediatric CNS neoplasms (n = 60) that harbor PATZ1 fusions. The 
original histological diagnoses of these tumors covered a wide spectrum of tumor types and malignancy grades. While the 
single most common diagnosis was glioblastoma (GBM), clinical data of the PATZ1-fused tumors showed a better prognosis 
than typical GBM, despite frequent relapses. RNA sequencing revealed recurrent MN1:PATZ1 or EWSR1:PATZ1 fusions 
related to (often extensive) copy number variations on chromosome 22, where PATZ1 and the two fusion partners are located. 
These fusions have individually been reported in a number of glial/glioneuronal tumors, as well as extracranial sarcomas. We 
show here that they are more common than previously acknowledged, and together define a biologically distinct CNS tumor 
type with high expression of neural development markers such as PAX2, GATA2 and IGF2. Drug screening performed on 
the MN1:PATZ1 fusion-bearing KS-1 brain tumor cell line revealed preliminary candidates for further study. In summary, 
PATZ1 fusions define a molecular class of histologically polyphenotypic neuroepithelial tumors, which show an intermediate 
prognosis under current treatment regimens.
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Introduction

Human central nervous system (CNS) tumors are an incred-
ibly diverse set of neoplasms, reflecting the vast array of 
different temporo-spatially distinct stem/progenitor cells that 
are present (and which may undergo oncogenic transforma-
tion) at different stages of development. Recently, DNA 
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methylation-based classification of CNS tumors has been 
shown to be a robust tool for molecular tumor classification, 
likely on the basis that individual tumor types maintain an 
epigenetic ‘memory’ of their distinct cell of origin [5]. Over 
the past years, many studies have confirmed the prognos-
tic relevance of such profiling, and its ability to provide a 
molecular stratification with notable clinical and biological 
correlates across diverse CNS tumor entities (e.g. [5, 19, 
31, 40]). Such an approach is particularly valuable for the 
identification of molecular subgroups displaying a broad 
morphological spectrum, which may not have previously 
been identified as a distinct entity due to their rarity or lack 
of obvious unifying features. This principle was recently 
demonstrated with the identification of four new molecu-
lar tumor types within the morphologically heterogeneous 
group previously referred to as CNS primitive neuroectoder-
mal tumor (PNET) [46].

This substantial heterogeneity also extends to the glioma 
family. Until recently, malignant gliomas in children (pedi-
atric high-grade glioma, pedHGG) were considered similar 
to their adult glioblastoma counterparts. The discovery of a 
variety of pediatric-enriched alterations, such as histone 3 
mutations (K27M and G34R/V), PDGFRA alterations and 
others, has substantially increased our understanding of the 
molecular background of pedHGG [15, 32, 41, 55]. In paral-
lel, multiple molecular studies have unravelled distinct (epi)-
genetic subgroups of ‘histone wildtype’ pedHGG correlated 
with a variety of molecular and clinical features [19, 20, 26]. 
Recent studies on ‘HGG’ in infants have also shown that 
some of these tumors are biologically very different from 
those in older children, harbour recurrent, targetable gene 
fusions, and have a favourable prognosis despite histologi-
cal features of malignancy [8]. Similarly, low-grade gliomas 
have also been found to be molecularly heterogeneous, with 
a number of subgroups showing consistent patterns of his-
tological features, molecular profiles and genetic alterations 
(e.g. [10, 35, 36, 43, 57] and reviewed in [16]).

Interestingly, recent reports have identified a handful of 
pediatric brain tumors displaying a fusion of the PATZ1 
gene with either MN1 or EWSR1 as a partner [1, 4, 6, 14, 
35, 38, 42, 45] (summarized in Table 1, top panel). The 
histological diagnoses of these tumors included glial, gli-
oneuronal and ‘polyphenotypic’ morphologies, hinting at 
some potential similarities but also variation in appearance, 
which may have prevented previous recognition as a defined 
entity. EWSR1:PATZ1 fusions have also been reported in a 
subset of sarcomas occurring across a wide range of ages, 
with a predilection for occurrence in the chest wall, showing 
substantial heterogeneity in their morphology and immuno-
profile [3, 7, 27, 28, 33, 48, 52].

Here, we describe a distinct molecular tumor type 
identified by investigation of a large cohort of DNA 
methylation and associated genomic profiling data. The 

morphological heterogeneity, marker expression and pathog-
nomonic fusions of PATZ1 with either MN1 or EWSR1 in 
this group lead us to suggest a name of ‘neuroepithelial 
tumor with PATZ1 fusion’ (NET-PATZ1).

Materials and methods

Tumor tissue and clinical data

Our cohort comprises a total of 60 patients. All available 
clinical data are listed in Supplementary Table 1. Where not 
reported, patient sex was predicted using data from the DNA 
methylation array. Tumor samples and clinical data were 
provided by multiple international collaborating centers 
and collected at the Department of Neuropathology of the 
Heidelberg University Hospital (UKHD) and at the German 
Cancer Research Center (DKFZ, Heidelberg, Germany) with 
approval from the respective institutional review boards/eth-
ics committees and informed consent from all patients or 
their guardians.

DNA methylation profiling and copy number 
variation calling

DNA methylation profiles on a genome-wide level were 
obtained using the Illumina Infinium HumanMethylation450 
(450 k) or HumanMethylationEPIC (EPIC) BeadChip arrays 
according to the manufacturer’s instructions (Illumina, San 
Diego, USA). Raw data were generated at the Genomics and 
Proteomics Core Facility of the DKFZ, at the Neuropathol-
ogy Department of the UKHD and at respective interna-
tional contributing institutes, using both fresh-frozen and 
formalin-fixed paraffin-embedded (FFPE) tissue samples. 
All computational analyses were performed using R (http:// 
www.R- proje ct. org, R Development Core Team). Using the 
‘conumee’ R package in Bioconductor (https:// bioco nduct 
or. org/ packa ges/ relea se/ bioc/ html/ conum ee. html), the output 
data from the DNA methylation arrays were also used to 
investigate copy number alterations, which were assessed 
by manual inspection and in detail using IGV [37, 47]. The 
framework for data processing and downstream output after 
obtaining raw data from the methylation panels has been 
widely used and published elsewhere [5]. Summary copy 
number plots were generated using an in-house R-script 
(https:// github. com/ dstic hel/ CNsum maryp lots).

Histopathology and immunohistochemistry

Confirmed histopathological diagnoses for the tumors 
included in this series were obtained through our interna-
tional collaborators, as reviewed per the local pathologist 
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and/or reference pathologists. Two experienced neuro-
pathologists (F.S., A.Ko.) re-evaluated tumor haematoxy-
lin–eosin (H&E) slides centrally available for n = 18 cases. 
Diagnostic criteria used were according to the 2016 WHO 
Classification of CNS tumors [24]. Features assessed 
included cell density, cytoplasm and nuclear pleomor-
phism, the number of mitotic figures per ten high-power 
fields (HPF; one HPF = 0.238  mm2), presence of micro-
vascular proliferation and necrosis, and infiltrative nature. 
Immunohistochemical staining with Ki-67, GFAP, MAP2, 
NeuN, Olig2, Synaptophysin, S-100, CD34 and Vimentin 
was performed for a subset of tumors either in Heidel-
berg or at other contributing centers (n = 16). NG2 immu-
nostaining was performed with NG2/CSPG4 (E3B3G) XP 
Rabbit monoclonal antibody (Cell Signaling, Danvers, 
Massachusetts, USA, 1:200).

Whole exome and gene panel sequencing

For n = 4 cases, whole exome sequencing (WES) data were 
generated for the INFORM study, from tumor and matched 
blood DNA, as previously described [54]. Gene panel 
sequencing data were available for n = 10 cases, including 7 
cases for which normal blood DNA was also sequenced. The 
gene panel includes 130 commonly mutated genes in CNS 
neoplasms and has been described previously [39].

RNA sequencing analysis

RNA sequencing data (total n = 27) for the purpose of fusion 
detection was either generated by contributing sites (n = 8) 
or locally in Heidelberg. For samples sequenced in Hei-
delberg, sequencing was performed from FFPE (n = 8) on 
the NextSeq500 (Illumina) with 75 bp paired-end reads, at 

Table 1  Summary of PATZ1-fused tumors previously reported in the literature

IHC immunohistochemistry
*PATZ-019 was also reported in Siegfried et al. [42], however, RNA-seq was only done on PATZ-021, revealing the EWSR1:PATZ1 rearrange-
ment

Study No. of cases Fusion reported Histopathologic features (ID in this series)

‘CNS’ studies
Chadda et al. [6] 1 MN1:PATZ1 Astroblastoma
Rossi et al. [38] 1 EWSR1:PATZ1 Infantile Glioblastoma WHO Grade 4. Round monomorphous nuclei, cells with 

clear cytoplasm and oligodendroglia-like morphology, rich vascular network, 
microvascular proliferation, and microcysts

Lopez-Nunez et al. [23] 1 EWSR1:PATZ1 Areas of cells with clear cytoplasm admixed with sheets of monotonous, round 
to spindled cells. “Malignant, poorly differentiated”

Burel-Vandenbos et al. [4] 1 MN1:PATZ1 Malignant neuroepithelial tumor: hyperchromatic, polymorphous nuclei; clear 
cells, perivascular and stromal hyalinization, perivascular pseudorosettes, 
microcysts. (PATZ1-066)

Stichel et al. [45] 3 EWSR1:PATZ1
MN1:PATZ1

Malignant neuroepithelial tumor with sarcomatous differentiation (PATZ1-014), 
glioneuronal tumor (PATZ-024), neuroepithelial neoplasia (PATZ-025)

Siegfried et al. [42] 1 EWSR1:PATZ1 Low-grade glioneuronal tumor. Olig2 and synaptophysin positive cells with 
pleomorphic nuclei, vascular hyalinzation, pleomorphic clear cells (PATZ1-
021)*

Alvarez-Breckenridge et al. [1] 1 EWSR1:PATZ1 Glioneuronal tumor (no further details)
Johnson et al. [14] 1 EWSR1:PATZ1 Low-grade glioma (no further details)
Qaddoumi et al. [35] 1 EWSR1:PATZ1 BRAFV600E negative ganglioglioma (no further details)
‘Sarcoma’ studies
Tsuda et al. [48] 3 EWSR1:PATZ1 Round cell sarcomas
Pei et al. [33] 1 EWSR1:PATZ1 GFAP positive and CD99 negative spinal intradural extramedullary tumor, 

eventually described as glioneuronal tumor. Monotonous spindle cells; abun-
dant vasculature

Michal et al. [28] 9 EWSR1:PATZ1 Spindle and round cell sarcomas
Bridge et al. [3] 11 EWSR1:PATZ1 Morphologically variable; mostly undifferentiated or small round cell sarcomas, 

includes 4 CNS tumors
Chougule et al. [7] 2 EWSR1:PATZ1 Spindle and round cell sarcomas
Watson et al. [52] 5 EWSR1:PATZ1 Round cell sarcomas
Mastrangelo et al. [27] 1 EWSR1:PATZ1 Small round cell tumor
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the Neuropathology Department of UKHD, as previously 
described [54]. For additional quantitative gene expression 
analysis, sequencing of high-quality RNA from frozen tissue 
(n = 11) was performed by the High Throughput Sequencing 
Unit of the Genomics and Proteomics Core Facility (GPCF) 
at the DKFZ using the Illumina HiSeq4000 or NovaSeq plat-
form, with libraries prepared according to the manufacturer’s 
instructions using the TruSeq Stranded mRNA Library Prep 
Kit. Gene expression data analysis was performed using the 
online tool ‘R2: Genomics Analysis and Visualization Plat-
form’ (https:// hgser ver2. amc. nl/ cgi- bin/ r2/ main. cgi). Detec-
tion of gene fusions was performed using the Arriba analysis 
tool (https:// github. com/ suhrig/ arriba).

Drug screening

The KS-1 cell line, from a 45-year-old female patient diag-
nosed with glioblastoma, was purchased from the Japanese 
Collection of Research Bioresources (JCRB) Cell Bank. 
RNA sequencing was performed to confirm the presence of 
the MN1:PATZ1 fusion. The cells were subjected to a drug 
screen at the Hopp Children’s Cancer Center, Heidelberg 
(KiTZ) Translational Drug Screening Unit (TDSU), with 
a library consisting of 74 widely used anti-cancer drugs. 
Cells were seeded at n = 750 per well in 384-well plates, pre-
printed with drugs at 5 different concentrations, in duplicate 
per concentration. Cell Titer Glo (CTG2.0, Promega) viabil-
ity readouts were performed on a FLUOstar OPTIMA plate 
reader (BMG Labtech) 72 h after cell seeding and quanti-
fied as residual metabolic activity. All cell viability readouts 
were normalized to the highest DMSO concentration used 
for the suspension of the respective drug. Validation experi-
ments were carried out for five selected drugs. To that end, 
1500 cells per well were seeded into a U-bottom 96-well 
plate. Drug concentrations used for validation experiments 
were selected individually per compound such that the  IC50 
could be confirmed and specified more precisely and the 
maximum plateau effect could be validated.

Results

DNA methylation profiling

Routine diagnostic molecular profiling performed in Hei-
delberg in the context of the INFORM pipeline [54], the 
Molecular Neuropathology 2.0 or Pediatric Targeted Ther-
apy 2.0 studies or otherwise in the Neuropathology Depart-
ment of the UKHD [39, 45] revealed a small but recurring 
number of CNS tumors harboring fusions of the PATZ1 gene 
coupled to either MN1 or EWSR1 (see below). When further 
investigating the DNA methylation profile of these tumors 
within the context of a much larger reference database, they 

were found to form a distinct molecular cluster with sev-
eral other tumors from other sources. Visualization of the 
genome-wide methylation pattern using t-distributed sto-
chastic neighbor embedding (tSNE; Supplementary Fig. 1, 
online resource) and uniform manifold approximation and 
projection (UMAP; not shown) confirmed a common pattern 
with broad proximity to other molecular types of both low- 
and high-grade glial and glioneuronal tumors. A selected 
analysis of the tumors in this novel cluster (n = 60) compared 
with the genome-wide DNA methylation profiles of a refer-
ence cohort consisting of 15 other low- and high-grade glial 
and glioneuronal tumor types, confirmed a clearly distinct 
grouping (Fig. 1). No similarity was seen with the recently 
described HGNET_MN1 tumor type, which is characterized 
by MN1:BEND2 and MN1:CXXC5 (but not PATZ1) fusions. 
When assessed by the current Heidelberg Brain Tumor Clas-
sifier, which uses a random forest-based class prediction 
algorithm based on the output of the methylation analysis 
(v11b6; https:// www. molec ularn europ athol ogy. org/ mnp), 
tumors of this cluster scored poorly for all currently known 
entities (calibrated scores < 0.6), thus supporting the novel 
and distinct nature of this molecular type. Given their varied 
morphological appearance and defining fusions of PATZ1, 
as outlined further below, we provisionally suggest the term 
‘neuroepithelial tumor with PATZ1 fusion’ to describe this 
molecular type.

Next‑generation DNA and RNA sequencing analysis

Sequencing data of tumor DNA only (n = 3) or matched 
tumor-normal DNA pairs (n = 11), available through differ-
ent platforms (gene panel or WES) revealed generally ‘quiet’ 
tumors at the level of point mutations or small insertions/
deletions. Considering known CNS tumor-relevant genes, 
no mutations in genes such as IDH1/2, H3F3A, BRAF, or 
TP53 were detected. There were also no recurrent driver 
mutations found in the data, and no evidence for germline 
mutations in cancer predisposition genes in any of the cases 
with available germline sequencing data.

In contrast, the results of the RNA sequencing analysis 
were more informative. Supplementary Table 1 describes 
the RNA-seq fusion detection output for the 27 tumors with 
data available. Strikingly, in all cases where RNA-seq was 
conducted (27/27, 100%), an in-frame fusion gene involving 
PATZ1 was detected, with either MN1 or EWSR1 as the 5′ 
partner. This includes five of the aforementioned cases that 
have recently been previously published [4, 42, 45]. The 
two N′ terminal partners were roughly evenly distributed, 
with 13 EWSR1:PATZ1 fusions (48%) and 14 MN1:PATZ1 
fusions identified (52%). The breakpoint within PATZ1 is 
unusual, with most fusion junctions occurring in the middle 
of exon 1 rather than at a splice junction. The remaining 
exons 2–5 of PATZ1 are also retained, conserving the zinc 
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finger (C2H2 type) structure as part of the fusion product 
(Fig. 2). Most MN1:PATZ1 fusions showed a break at the 
end of MN1 exon 1. In some cases, however, an intronic 
breakpoint introduced an in-frame fusion with inclusion of 
an additional novel MN1 exon. The EWSR1:PATZ1 fusions 
harbor EWSR1 exons 1–8, 1–9 or 1–12. These findings are in 
line with the breakpoints detected in the previously reported 
CNS and sarcoma PATZ1 fusions [1, 14, 35, 52].

For RNA-seq data generated from high-quality frozen 
tumor tissue (n = 11), we also performed an exploratory 
differential gene expression analysis (with the caveat that 
the sample size is small). For this, we examined genes 
that were significantly differentially expressed between 
NET-PATZ1 and a combined reference cohort of other 
glioma subtypes (ANOVA test, p < 0.00001, corrected for 

multiple testing using FDR). This revealed a total of 964 
upregulated transcripts in NET-PATZ1 compared with the 
reference samples, and 156 significantly down-regulated 
genes (Supplementary Table  2, online resource). The 
PATZ1 gene itself is more highly expressed in these cases 
when compared with other representative pediatric HGG 
or LGG tumors (Fig. 3). Additional candidates of potential 
interest within the top upregulated genes included IGF2, 
PAX2 and GATA2, with known roles in brain stem cell 
biology, differentiation and development [18, 49, 53, 58], 
although these data will need confirming in a larger series. 
Looking in a supervised way at expression of particular 
differentiation markers commonly used for immunohisto-
chemical analysis of glial/glioneuronal tumors, we found 
low GFAP expression, and modest levels of OLIG2, NeuN 

Fig. 1  t-distributed stochastic neighbor embedding (tSNE) cluster-
ing of DNA methylation patterns of 60 NET-PATZ1 tumors along-
side 942 in-house reference samples representing 15 other low- and 
high-grade glial and glioneuronal tumor types, using the 10,000 
most variably methylated probes. NET-PATZ1 forms a distinct 
‘island’. CNS_NB_FOXR2 CNS neuroblastoma with FOXR2 acti-
vation; DNET dysembryoplastic neuroepithelial tumor; EFT_CIC 
CNS ewing sarcoma family tumor with CIC alteration; GBM_G34 
glioblastoma, H3.3 G34 mutant; GBM_MES glioblastoma, subclass 
mesenchymal; GBM_pedMYCN pediatric-type glioblastoma, sub-

class MYCN; GBM_pedRTKI pediatric-type glioblastoma, subclass 
RTKI; GBM_pedRTKII pediatric-type glioblastoma, subclass RTK II; 
GG ganglioglioma; HGNET_BCOR CNS high-grade neuroepithelial 
tumor with BCOR alteration; HGNET_MN1 CNS high-grade neu-
roepithelial tumor with MN1 alteration; NET_PATZ1 neuroepithelial 
tumor with PATZ1 fusion; PA_CORT hemispheric pilocytic astrocy-
toma; PXA pleomorphic xanthoastrocytoma; SEGA subependymal 
giant cell astrocytoma; ST_EPN_RELA supratentorial ependymoma, 
RELA fused
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Fig. 2  a Illustration of the 
PATZ1 fusion genes detected 
by RNA-seq for two selected 
cases; and corresponding copy 
number plots of Chromosome 
22. The three involved genes 
MN1, EWSR1 and PATZ1 are 
marked. PATZ1-030 harbors an 
in-frame MN1:PATZ1 fusion, 
retaining an intronic pseudo-
exon (upper panel). PATZ1-053 
demonstrates a variant fusion 
transcript juxtaposing Exon 
12 of EWSR1 onto the usual 
partner 3′ sequence of PATZ1, 
in contrast to the more prevalent 
5′ breakpoints observed in 
Exons 8 and 9 of EWSR1 (lower 
panel). b Schematic view of 
the loci of the genes involved 
in the fusions described (MN1, 
EWSR1, and PATZ1). Note the 
proximity of the three genes 
(all lie within approximately 
4 Mbp). The dashed lines 
resemble the genomic break-
points observed in the gene 
fusions. An intronic break-
point observed in a subset of 
MN1_PATZ1 fusions introduces 
a novel pseudoexon (marked 
with x) whilst maintaining the 
reading frame. Isoforms illus-
trated: EWSR1 NM_005243; 
PATZ1 NM_0.13986.4; MN1 
NM_002430.3
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(RBFOX3), MAP2 and synaptophysin (SYP). Expression of 
CD34 and CSPG4 (NG2) is higher than in the other com-
parison groups, opening possible avenues for diagnostic 
IHC staining. MKI67 levels as a surrogate for proliferation 
were higher than in pilocytic astrocytoma (PA), but lower 
than the GBM subgroups (Fig. 3, Supplementary Fig. 3, 
online resource). In contrast to reports on EWSR1:PATZ1-
fused sarcoma [3, 7, 27, 52], there was no appreciable 
or distinguishing expression of CD99 or desmin (Supple-
mentary Table 2; Supplementary Fig. 3, online resource) 

or other muscular markers such as MYOD1, myogenin, 
CALD1, or SOX10 in the present series (not shown).

Copy number alterations of chromosome 22 are 
frequent in NET‑PATZ1

A summary of the copy number alterations identified in the 
combined cohort is given in Fig. 4. At the global level, the 
tumors are relatively ‘quiet’, with few recurrently altered 
regions. We excluded one tumor from the CNV analysis 

Fig. 3  Differential expression analysis between NET-PATZ1 and 
a reference cohort of other glioma subtypes; IGF2, GATA2, PAX2 
and PATZ1 and are more highly expressed in NET-PATZ1 cases 
when compared with representative pediatric HGG or LGG tumors, 
while CD34 and NG2 (CSPG4) could represent potential IHC stain-
ing markers for NET-PATZ1. Gene expression values are shown as 
TPM (transcripts per kilobase million). Where relevant, bars indi-

cate median and 1st/3rd Quartile. H3.3 G34R glioblastoma, IDH 
wildtype, H3.3 G34 mutant; H3.3 K27M diffuse midline glioma H3 
K27M mutant: pedGBM_MYCN, glioblastoma, IDH wildtype, sub-
class MYCN; pedRTKI, glioblastoma, IDH wildtype, subclass RTK I; 
pedRTKII, glioblastoma, IDH wildtype, subclass RTK II; PXA pleo-
morphic xanthoastrocytoma; PA_BRAF_Fus pilocytic astrocytoma 
with BRAF fusion
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due to poor data quality (remaining n = 59). Chromosomal 
arms 1p (10/59, 17%), 1q (10/59, 17%) and 6q (10/59, 17%) 
and chromosome 18 (16/59, 27%) were most frequently 
affected at the level of broad changes. In comparison with 
data regarding PATZ1-fused sarcoma, the PATZ1-fused CNS 
tumors in this series were not enriched for homozygous dele-
tions mapping to the CDKN2A/B locus (observed in only 
2/59 cases, 3%) [3]. The most notable feature, however, 
is the presence of recurrent structural copy number varia-
tions on chromosome 22, seen in 98% of the cases (58/59). 
Among those alterations, the most frequently observed 
event was a chromothripsis-like, shattered pattern along 
chromosome 22 (25/59, 42%). Supplementary Fig. 2, online 
resource provides a closer look at the copy number varia-
tions observed on chromosome 22. These structural altera-
tions are presumably driving the fusion formation through 
an intra-chromosomal arrangement, since EWSR1, MN1 and 
PATZ1 are all located on chromosome 22 (Fig. 2b). This 
high frequency of copy number alterations, including in 
cases where no RNA data were available, further supports 
the suggestion that PATZ1 fusion is likely a defining feature 
of this molecular tumor type.

Clinical parameters and morphological aspects

All clinical data available for our cohort are outlined in 
Fig. 5. More detailed descriptions are given in Supplemen-
tary Table 1, online resource. There is no sex-specific pre-
dominance observed in NET-PATZ1 (M:F = 1:1; Fig. 5a). 
Among the samples where the tumor location was known 
(n = 49), NET-PATZ1 most commonly showed a supratento-
rial manifestation (36/49 hemispheric, 4/49 peri- and intra-
ventricular, total 40/49, 82%). Five of the 49 tumors (10%) 
were located in the posterior fossa, and 4/49 (8%) were spi-
nal, including 2 metastatic lesions (Fig. 5b).

Figure 5c shows the age distribution for NET-PATZ1. 
The median age in our cohort was 11.0 years (range 0–80), 
with 74% of tumors occurring in patients under 18 years of 
age, indicating that NET-PATZ1 is primarily a childhood 

disease. Because some tumor samples were from recur-
rent tumors, and data about patient age could not always 
be confirmed to be the age at initial diagnosis, we ana-
lyzed the subgroup with definite age at primary diagnosis 
separately (n = 40), but this did not show any significant 
differences from the overall cohort (median age 9 years, 
p value; 0.42, Mann–Whitney U test). Interestingly, when 
looking deeper into cases with a confirmed fusion variant, 
MN1:PATZ1-fused tumors seem to manifest at a younger 
age (median = 3.5 years) vs EWSR1:PATZ1-fused tumors 
(median = 8 years; p value = 0.046, Student’s t test).

The original histopathological diagnoses of the cases 
described in this series were very diverse and variably 
polyphenotypic (Fig. 5b, Supplementary Table 1, online 
resource). The most common pathologic diagnoses 
described a high-grade astrocytic histology, including glio-
blastoma or anaplastic astrocytoma (high-grade glioma, 
HGG) in 20/58 annotated tumors (34%). Ten tumors (17%) 
had an institutional diagnosis of ependymal morphology, 
including two subependymomas. A further seven tumors 
(12%) had low-grade glial or glioneuronal diagnosis, and 
seven further tumors were broadly described as neuroepi-
thelial. Across the morphological spectrum provided, five 
tumors were noted as additionally having a ‘sarcomatous’ 
or mesenchymal differentiation pattern on a glioneuronal/
neuroepithelial background.

Given this very varied spectrum, we reassessed this novel 
tumor entity for any unifying histopathologic features. Fig-
ure 6 and supplementary Fig. 4, online resource show the 
extensively polyphenotypic morphology of NET-PATZ1. 
Histologically, hypercellularity was observed in almost 
all tumors (17/18, 94%). Nuclear morphology was some-
times, but not uniformly, irregular, with 8/18 tumors (57%) 
showing monomorphous nuclei with either large or small 
cells, arranged in clusters in two cases. Spindle-shaped cells 
were observed in 5/18 cases (28%). Mitoses were scarce 
for the centrally re-evaluated tumors, with only 1 tumor 
showing > 5 mitoses per 10 high-power fields (HPFs, one 
HPF = 0.238  mm2). However, most tumors (17/18, 94%) 

Fig. 4  Summary plot of copy number alterations in NET-PATZ1 and categorization of copy number alterations observed on chromosome 22, the 
most frequent being a dramatic shattering pattern (chromothripsis)
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showed microvascular proliferation, with four tumor show-
ing marked perivascular hyalinization. Necrosis was present 
in 33% of the cases (6/18), and was correlated with the pres-
ence of pseudorosettes and/or astroblastoma-like morphol-
ogy. Details about our re-assessment are outlined in Table 2. 
A diffuse infiltration pattern was observed in 3/18 tumors 
(17%), with one tumor showing a cell cluster infiltration 
front. The clear biphasic and mesenchymal differentiation 
pattern of a subset of the tumors was also evident. However, 
within the five tumors showing sarcomatous or spindle cel-
lular morphology, no correlation to a specific fusion partner 
(MN1/EWSR1) was observed.

Insufficient unstained sections were available to per-
form a comprehensive immunohistochemical analysis for 
most cases. The limited available data suggest variable 

staining for OLIG2 and GFAP, similar to the gene expres-
sion data, which also outlined the potential role of NG2 for 
future investigation (Fig. 6e, f). We exploited this finding 
and found specific positive staining in all cases prospec-
tively evaluated where material was available (n = 4/4). 
Immunoprofiling data from previously reported PATZ1-
fused CNS tumors included in this series are summarized 
in Supplementary Table 1, online resource.

Overall, given the absence of clear uniform histopatho-
logical or immunophenotypic features to classify the 
tumors as being of glial/ependymal versus neural origin, 
we provisionally propose the non-specific term ‘neuroepi-
thelial tumor’ (NET) within the NET-PATZ1 nomencla-
ture. We anticipate that in time, this unspecific term may 

Fig. 5  Clinical features of NET-PATZ1. a Patient sex distribution. 
b Distribution of tumor location. The institutional histopathological 
diagnoses of the series are also shown, representing a broad spec-
trum of mostly glial diagnoses. c Age distribution with the horizontal 
line representing median age of our cohort (11 years). MN1:PATZ1-
fused tumors appear to be significantly enriched in younger ages 
(median = 3.5 years) vs EWSR1:PATZ1 (median = 8 years), (p value; 
0.046, Student’s t test). d Clinical outcome in terms of OS and PFS 
of NET-PATZ1. e Overview of the different therapy protocols NET_

PATZ1 patients within this cohort received. Where highlighted, the 
patients received that particular therapy modality, grey bars indicate 
unknown data. Different management as per primary vs relapse tumor 
is also shown. Note that some patients benefited from surgery (OP) 
alone. CT chemotherapy, RT radiation therapy, P primary, R (1/2) 
relapse 1 or relapse 2, GTR  gross total resection, STR subtotal resec-
tion, 1 relapse/death, 0 censored. Detailed therapy protocols are listed 
in Supplementary Table 1, online resource
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be replaced by a clearer description if new evidence on 
cellular origins emerges.

Patient outcomes may suggest an intermediate 
malignancy grade

Follow-up data were obtained for 35 patients, as listed in Sup-
plementary Table 1, online resource, with a median follow-
up period of 31 months (range 6–288 months). Eleven of the 
patients experienced a relapse during the follow-up period, 
including two patients with multiple relapses and spinal metas-
tasis (PATZ-030, PATZ-068). Median PFS was 144 months. 
Only two of the patients died of their disease during the fol-
low-up period, at 72 and 166 months after diagnosis (having 
relapsed at 36 and 62 months, respectively) (Fig. 5d). This 
clinical course is broadly compatible with the moderate MKI67 
(the gene encoding Ki-67) expression seen in the RNA data, 

and the mostly rare mitoses observed histologically. The lim-
ited follow-up data and the heterogeneity of treatments applied 
(Fig. 5e, Supplementary Table 1, online resource) preclude a 
definitive statement regarding the malignancy grade of this 
group of tumors, or a precise estimate of their overall survival 
rates or median OS. Our initial data, however, suggest an inter-
mediate grade and notably better outcome than expected for 
true ‘high-grade’ tumors—important given that a third of cases 
initially received a diagnosis of HGG. Also, it is notable that 
a subset of patients maintained a stable disease despite being 
treated with surgery alone.

Drug screening identifies potential candidates 
for future treatments

Screening of cell line molecular data in the Broad Institute’s 
Cancer Dependency Map portal (DepMap, https:// depmap. 

Fig. 6  Histology of NET-PATZ1 tumors. a PATZ1-012: perivascu-
lar pseudorosettes resembling ependymal morphology are observed. 
b PATZ1-040 showed an astroblastoma-like morphology. c PATZ1-
025: high cellularity was consistently observed across almost all 
cases. Microcysts are here encircled by monomorphous nuclei. d 

PATZ1-039: in this tumor monomorphous nuclei with clear cell mor-
phology along with perivascular pseudorosettes were encountered. 
e, f NG2 staining in PATZ-030 and PATZ-014, respectively, with 
negative control insets (IDH WT GBM). Thick scale bars represent 
100 µm, thin scale bars represent 200 µm

https://depmap.org/portal/
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Table 2  Summary of the re-evaluated histopathologic findings for tumor samples with available material

Details about immunohistochemistry is listed in Supplementary Table 1
N/A not applicable

# Detailed institutional 
histopathological 
diagnosis

Cell density Cytoplasm and nuclei 
pleomorphism

Mitotic 
figures/10 
HPF

Microvascular 
proliferation

Necrosis Infiltration Notes/fusion detected

4 Pleomorphic xan-
thoastrocytoma

High Slightly pleomorphic, 
focally spindle cells

0 Hyalinized No EWSR1:PATZ1, perivas-
cular pseudorosettes, 
biphasic differentia-
tion

10 Glioblastoma WHO 
grade 4

High Monomorphous 
nuclei, single giant 
cells

2 Few No Glial

12 Anaplastic epend-
ymoma WHO 
grade 3

High Monomorphous 
nuclei

1 Yes Yes Pseudorosettes

13 N/A Moderate Monomorphous, 
small, arranged in 
groups/lobules

0 Hyalinized No Microcysts, biphasic 
differentiation

14 Malignant NET with 
focal glial and 
sarcomatous dif-
ferentiation

High Small cell, partially 
spindle-shaped

0 No No MN1:PATZ1, biphasic 
differentiation

22 Giant cell glioblas-
toma WHO grade 4

High Pleomorphic, small 
and large cells

0 Yes No MN1:PATZ1, biphasic 
differentiation

23 Glioblastoma WHO 
grade 4

High Focally very pleomor-
phic, giant cells

3 Hyalinized No Diffuse Focally spindle cells, 
biphasic differentia-
tion

24 Low-grade glial/gli-
oneuronal tumor

High Pleomorphic, small 
and large cells

0 Yes No Diffuse EWSR1:PATZ1

25 Malignant neuroepi-
thelial tumor

High Monomorphous 
nuclei

0 Yes No EWSR1:PATZ1, micro-
cysts

28 Pleomorphic xan-
thoastrocytoma

High Monomorphous, 
single giant cells, 
focally spindle cells

0 Few No Strong infiltration MN1:PATZ1

30 High-grade glioma High Pleomorphic, focally 
spindle-shaped, 
many apoptotic 
bodies

8 Yes Yes MN1:PATZ1, focally 
perivascular pseu-
dorosettes, biphasic 
differentiation

39 Anaplastic clear cell 
ependymoma WHO 
grade 2

High Monomorphous, clear 
cells

0 Yes No Ependymal, pseudoro-
settes

40 Anaplastic epend-
ymoma WHO 
grade 3

High Monomorphous 
nuclei

0 Yes Yes EWSR1:PATZ1, 
astroblastoma-like

46 High-grade glioma Moderate/high Fibrillary, monomor-
phous nuclei

0 Yes Yes Diffuse MN1:PATZ1, pseudoro-
settes, astroblastoma-
like

54 Glioblastoma WHO 
grade 4

High Monomorphous, 
small clusters of 
cells

1 Yes No Clusters Infiltration in small 
clusters of cells

55 N/A High Moderate nuclear 
pleomorphism

1 Yes Yes MN1:PATZ1, pseudoro-
settes

56 Glioblastoma WHO 
grade 4; Gliosar-
coma

High Spindle-shaped cells 0 Yes No Sarcomatous differen-
tiation

71 Glioblastoma WHO 
grade 4

High Slightly pleomorphic, 
focally clear cells, 
prominent nucleoli

5 Hyalinized Yes EWSR1:PATZ1, perivas-
cular pseudorosettes, 
focally spindle cells, 
biphasic differentia-
tion
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org/ portal/) revealed a CNS tumor cell line harboring an 
MN1:PATZ1 fusion. This line, KS-1, is derived from a 
45-year-old female patient diagnosed with a glioblastoma. 
The line grows both adherently or in neurosphere conditions, 
and confirmatory RNA sequencing of the line validated the 
presence of the fusion. Although this long-term in vitro cul-
ture certainly will not recapitulate all features of the primary 
tumors, we nevertheless performed an initial drug screen-
ing to obtain some possible first hints at future therapeutic 
options. The drug screen was performed using the Hopp 
Children’s Cancer Center, Heidelberg (KiTZ) Translational 
Drug Screening Unit (TDSU) library. This library com-
prises 74 approved cancer drugs targeting a variety of dif-
ferent pathways. The output chemiluminescence intensities 
were fed into the web-based BREEZE drug screen analysis 
pipeline (https:// breeze. fimm. fi); [34]), which calculates a 
drug-specific sensitivity (DSS) score for each drug [56]. 
DSS scores were also compared to the chemostatic effect 
on normal fetal astrocytes, to assess tumor specificity. Data 
analysis yielded five drugs that emerged as potential can-
didates due to their superior efficacy in tumor cells: pacli-
taxel, d-actinomycin, volasertib (PLK1 inhibitor), navitoclax 
(BCL-2/BCL-XL/BCL-w inhibitor) and I-BET-151 (a Bro-
modomain family inhibitor) (Supplementary Fig. 5a, online 
resource). These drugs, particularly paclitaxel, D-actinomy-
cin and volasertib, showed similar effects when subsequently 
validated individually in a small scale tissue culture setting 
(Supplementary Fig. 5b, online resource), and may thus rep-
resent a starting point for future preclinical studies in this 
tumor type.

Discussion

Recent reports on a small number of pediatric brain tumors 
showing PATZ1 fusions, as well as the detection of further 
such cases through our ongoing molecular diagnostic stud-
ies, prompted us to investigate the properties of these cases 
in more detail. In this study, we identified a distinct DNA 
methylation-based cluster of 60 tumor samples, within 
which all tumor samples where RNA sequencing was con-
ducted (n = 27) were found to harbour a PATZ1 fusion. We, 
therefore, believe it to be likely that these MN1:PATZ1 and 
EWSR1:PATZ1 fusions are pathognomonic for this novel 
tumor type.

Diagnosis and origins of NET‑PATZ1

Our findings suggest that when integrating morphological 
aspects and molecular analysis, unusual glial, ependymal 
or glioneuronal histology along with clustered, focal chr22 
alterations may together give diagnostic hints for NET-
PATZ1. As with the sarcomas in which EWSR1:PATZ1 

has been reported, the morphological variety, inconclusive 
immunoprofile and wide range of age at presentation are 
striking features that may account for the fact that these 
tumors have not been identified as a clear entity until now. 
When RNA sequencing cannot be performed to confirm 
presence of the fusion, methylation analysis and derived 
copy number data may be exploited as an alternative to 
establish the diagnosis of NET-PATZ1.

Exploring the differential diagnostic spectrum of this 
observation, the recently described HGNET-MN1 tumor 
type, which is characterized by alternative MN1 fusions 
(mostly MN1:BEND2 and MN1:CXXC5), manifests more 
frequently with an embryonal/astroblastoma histology and 
shows a clearly different DNA methylation profile [46]. The 
majority of NET-PATZ1 tumors presented with a histology 
extending along the glial or glioneuronal spectrum, but the 
scarce tissue available for immunohistochemistry together 
with marker gene expression analysis through RNA sequenc-
ing was inconclusive as to a clear lineage or distinct marker. 
Taken together with the mesenchymal phenotype noted in a 
subset of the cases in our cohort, we, therefore, advocate to 
provisionally call this tumor entity ‘neuroepithelial’ until a 
more concrete assessment of its likely origins can be made.

The observed overexpression of IGF2, PAX2 and GATA2 
in NET-PATZ1 is also intriguing with respect to possible 
developmental origins and potential targets for therapeutic 
intervention. For example, GATA2 has roles in fate deter-
mination of neural progenitors into midbrain GABAergic 
neurons [17], while PAX2 is linked with development of the 
midbrain–hindbrain boundary and of GABAergic interneu-
rons [11]. IGF2 has multiple roles in brain development 
and disease, as reviewed for example in [2, 22]. GATA2 has 
been reported to directly upregulate IGF2 in chemo-resist-
ant prostate cancer [51], while IGF2 activity leads to PAX2 
overexpression in Wilms’ tumor [13], suggesting a possible 
signalling axis in NET-PATZ1. Of particular interest will be 
a future comparison with PATZ1-fused tumors occurring in 
non-CNS sites, to investigate the possibility of a common 
neuroectodermal/neural crest progenitor cell that may also 
be of relevance in the formation of the previously described 
sarcomas (although markers of EWSR1:PATZ1 sarcomas 
such as CD99, desmin and myogenin were not found to be 
expressed in the CNS tumors). The histology and immu-
noprofile of EWSR1:PATZ1-fused sarcoma has also been 
described as incredibly polyphenotypic, but MN1:PATZ1-
fused sarcomas have not yet been described.

An initial look at the survival data, with an average follow-
up period of 31 months, indicates that NET-PATZ1 patients 
have a better overall survival than high-grade tumors (median 
OS not reached), despite experiencing several relapses 
(median PFS 144 months). This should prompt questioning 
of the nature of the GBM diagnoses in a subset of the patients 
included and could explain the observed survival pattern. This 

https://depmap.org/portal/
https://breeze.fimm.fi
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finding has consequences related to the aggressiveness and 
nature of the future therapy that is suitable for patients with 
tumors driven by this biology. However, more information is 
obviously needed to fully assess the malignancy of this tumor 
entity, particularly in the context of a uniform treatment pro-
tocol. Future retro- and prospective studies will, therefore, be 
critical for determining optimal clinical management.

Potential oncogenic mechanisms and the role 
of PATZ1

PATZ1 (POZ/BTB and AT Hook Containing Zinc Finger 1) 
is a transcription factor belonging to the POZ/BTB (Pox virus 
and Zinc finger/Broad-complex, tramtrack, and bric-à-brac) 
family and containing an AT-hook zinc finger domain [44]. It 
has been described as an important node as part of a network 
of transcription factors that maintain the “stemness” of embry-
onic stem cells [30], and a regulator of cellular reprogramming 
by inhibiting Pou5f1, depending on its expression levels. It 
has thus been assigned as both an activator and repressor of 
transcription, depending on the cellular context [25, 50].

MN1 and EWSR1 are both involved in fusions in other 
tumor entities. As described above, MN1 alteration is one of 
the molecular hallmarks of the recently described HGNET-
MN1 tumor subentity, while EWSR1 has long been known to 
be involved in Ewing sarcoma, even though the exact factors 
underlying its oncogenicity remain to be fully understood 
[21]. EWSR1:PATZ1 and similar oncogenic EWSR1 fusions 
have been shown to cause globally altered transcriptional 
signatures [21, 52], and other EWSR1 fusions have been 
detected in primary intra-axial tumors [23]. Both MN1 and 
EWSR1 have transcriptional activator activity [12, 29].

In the fusion described here, the transactivating domain 
of MN1/EWSR1 is retained, and fused to the zinc finger 
domain of PATZ1. It, therefore, seems likely that the down-
stream consequences of the fusion are determined by the 
aberrant recruitment of a transactivating domain at binding 
sites determined by the PATZ1 binding domain, perhaps 
together with upregulated expression via the MN1/EWSR1 
promoter, as seen, for example, with EWSR1:FLI1 fusions 
in Ewing sarcoma [9, 12]. The exact details of the onco-
genic mechanisms of MN1:PATZ1 and EWSR1:PATZ1, how-
ever, are yet to be fully established and understood. Further 
studies will be needed to reveal the exact role of the fusion 
partners and the subsequent downstream effects in terms of 
global transcriptional deregulation.

Summary

In conclusion, we describe here ‘neuroepithelial tumor with 
PATZ1 fusion’ (NET-PATZ1)—a novel, molecularly distinct 
CNS tumor type with strikingly variable histopathologic 

morphology and heterogeneous multiphasic differentiation 
patterns. Being the sole molecular finding constant across 
all tumors analyzed, we postulate that the PATZ1 fusions 
are a key driver of tumor initiation. Preliminary indications 
suggest an intermediate prognosis, although further studies 
will be needed to confirm this and to investigate the detailed 
biology, cellular origins, treatment sensitivity and clinical 
course of these tumors. The recognition of NET-PATZ1 as 
a defined tumor type, however, is an important step towards 
conducting such analyses, and will hopefully provide a foun-
dation for optimized clinical management in future.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00401- 021- 02354-8.
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