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1 |  INTRODUCTION

FET (encompassing both EWSR1 and FUS genes) fu-
sions with genes from the CREB (cAMP response ele-
ment) family genes (CREB1, CREM, and ATF1) are 
involved in a wide variety of tumoral entities, and their 
correlations with tumor phenotypes have not been fully 
clarified. Among them, angiomatoid fibrous histiocyto-
mas (AFH), clear cell sarcomas (CCS), gastrointestinal 
neuroectodermal tumors (GNET), and primary pulmo-
nary myxoid sarcomas (PPMS) present clinical (loca-
tion, age at diagnosis, prognosis), histopathological, and 
even molecular (frequency of gene fusion partner) dif-
ferences. AFH are classically benign soft tissue tumors 
usually located in the extremities of children and young 
adults (1– 4). Histopathologically, AFH are defined by 
a morphological triad: (1) blood- filled pseudoangioma-
toid cystic spaces, (2) a lymphoplasmacytic peripheral 
cuff, and (3) a fibrous pseudocapsule. A myxoid variant 
has been described (2,5– 12). The molecular hallmark of 
AFH is represented by a fusion of EWSR1 with mostly 
the CREB1 gene (83% of cases in five series), and occa-
sionally with the ATF1 gene (17% of cases in five series) 
(7,13– 16). The FUS:ATF1  gene was also described ex-
ceptionally (17) and only one recent case was reported 
having EWSR1:CREM fusion (18). CCS are malignant 
tumors found in the soft tissue, histopathologically 

characterized by nests of large clear cells and the expres-
sion of melanocytic markers (HMB45 and Melan- A) (19). 
More than 90% of CCS tumors harbor an EWSR1:ATF1 
fusion, whereas CREB1 and CREM tumors have been, 
respectively, rare and only exceptionally described (19). 
The recent literature identified a novel intracranial 
histomolecular entity, variably referred to as the intra-
cranial myxoid mesenchymal tumor (IMMT) or the 
intracranial AFH (44 reported cases to date) (16,20– 
41). In the CNS, because these tumors mostly lacked 
the characteristically histopathological triad of typical 
AFH of the soft tissue and because they often presented 
a myxoid stroma, the terminology “intracranial myxoid 
mesenchymal tumor” has been preferred by some au-
thors (21,22,25,27,30,31,33,36,39– 41). This controversial 
nosology will remain until further clarification as to 
whether this intracranial entity represents a new distinct 
histomolecular tumor type, or a myxoid variant of AFH. 
To explore this issue, we extensively studied proven 
FET:CREB intracranial tumors and screened our local 
and national French neuropathological network data-
bases [n  =  11, one of them was previously reported in 
(42)]. Our aim was to discover division or not into several 
(clinical, imaging, histopathological, and DNA meth-
ylation) subgroups or into one single group. We also 
compared their methylation profiles to sarcomas from 
extra- CNS sites.

Correspondence
Arnault Tauziède- Espariat, Department of 
Neuropathology. GHU Paris- Psychiatrie 
et Neurosciences, Sainte- Anne Hospital, 1, 
rue Cabanis, Paris 75014, France.
Email: a.tauziede-espariat@ghu-paris.fr

Abstract

FET:CREB fusions have been described in a variety of tumors from various 

phenotypes. Recently, these fusion transcripts were reported in intracranial 

tumors, variably named intracranial mesenchymal myxoid tumors or angio-

matoid fibrous histiocytomas. Controversy remains concerning the termi-

nology for these tumors. Here, we report 11 cases of central nervous system 

mesenchymal tumors with proven FET:CREB fusion. Most DNA methylation 

profiles were not classifiable using the Heidelberg Brain Tumor or Sarcoma 

Classifier (v11b4/v12.2). However, by using unsupervised t- SNE and hierar-

chical clustering analyses, six of the cases constituted a distinct cluster. The 

remaining four tumors showed no obvious relation to any of the other refer-

enced classes but were close to the clusters of extra- CNS angiomatoid fibrous 

histiocytomas (n = 1), clear cell sarcomas (n = 1), or solitary fibrous tumors 

(n = 2). Our findings confirm that intracranial FET:CREB- fused tumors do 

not represent a single molecular tumor entity, although most samples clustered 

close to each other, indicating the existence of a distinct epigenetic group that 

could potentially be partially masked by the low number of cases included. 

Further analyses are needed to characterize intracranial FET:CREB fused- 

defined tumors in more detail.

K E Y W O R D S
angiomatoid fibrous histiocytoma, Brain tumor, DNA methylation profile, EWSR1, myxoid
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2 |  M ETHODS

2.1 | Sample collection

Tumor samples and retrospective clinical data from the 
11 patients were provided by the consultation archive da-
tabase (1982– 2020) of the Sainte- Anne Hospital pathol-
ogy department and by French expert centers from the 
RENOCLIP- LOC network. Case selection was based on 
tumors with EWSR1 rearrangement by FISH analysis 
and/or with a FET:CREB fusion.

2.2 | Clinical and radiological data

Patient characteristics and clinical data retrieved from 
hospital records included: sex, age at presentation, and 
medical history. The central radiological review of pre-
operative magnetic resonance imagings (MRIs) was per-
formed by a senior neuroradiologist (JB). The following 
features were evaluated: location (intra-  or extra- axial, 
intraventricular, supra-  or infra- tentorial), size, volume, 
signal in T1- weighted sequence, T2- weighted sequence, 
susceptibility imaging, diffusion and apparent coeffi-
cient diffusion map (ADC), contrast enhancement, con-
tours, presence of cysts, necrosis, and dural tail, bone 
involvement, and perfusion parameters.

2.3 | Combined CNS and soft tissue experts’ 
histopathological review

The central pathology review was performed conjointly by 
two neuropathologists (ATE and PV) and a pathologist ex-
pert in soft tissue tumors (FL). The analyses of tissue were 
performed in accordance with local ethics regulations.

2.4 | Immunohistochemistry

A representative paraffin block was selected for each 
case. Unstained 3- μm- thick slides of formalin- fixed, 
paraffin- embedded tissues were obtained and submitted 
for immunostaining. The following primary antibodies 
were used: Glial Fibrillary Acidic Protein (GFAP) (1:200, 
clone 6F2, Dako, Glostrup, Denmark), SSTR2a (1:200, 
clone UMB1, Abcam, Cambridge, UK), epithelial mem-
brane antigen (1:200, clone GM008, Dako, Glostrup, 
Denmark), CKAE1AE3 (1:800, clone AE1AE3, Dako, 
Glostrup, Denmark), CD99 (1:10, clone 12E7, Dako, 
Glostrup, Denmark), S100 (1:200, clone 6F2, Dako, 
Glostrup, Denmark), SOX10 (1:200, clone IHC010, 
Diagomics, Blagnac, France), CD68 (1:400, clone KP1, 
Dako, Glostrup, Denmark), CD56 (pre- diluted, clone 
123C3, Dako, Glostrup, Denmark), synaptophysin (1:150, 
clone DAK- SYNAP, Dako, Glostrup, Denmark), alpha- 
smooth muscle actin (1:6000, clone S100, Dako, Glostrup, 

Denmark), HMB45 (1:50, clone HMB45, Dako, Glostrup, 
Denmark), Melan- A (prediluted, clone A103, Roche 
Diagnostics, Burgess Hill, UK), desmin (1:200, clone 
D33, Dako, Glostrup, Denmark), MUC4 (1:200, clone 
8G7, Santa Cruz Biotechnology, Santa Cruz, CA), ALK 
(1:50, clone 5A4, Leica Biosystems, Newcastle Upon 
Tyne, UK), CD34 (1:40, clone Qbend10, Dako, Glostrup, 
Denmark), INI1 (BAF47) (1:50, clone 25/BAF 47, BD 
Biosciences, Franklin Lakes, USA), and Ki- 67 (1:200, 
clone MIB- 1, Dako, Glostrup, Denmark). External posi-
tive and negative controls were used for all antibodies.

2.5 | DNA methylation array processing and 
copy number profiling

Genomic DNA was extracted from fresh- frozen or 
formalin- fixed and paraffin- embedded (FFPE) tis-
sue samples. DNA methylation profiling of all samples 
was performed using the Infinium MethylationEPIC 
(850k) BeadChip (Illumina, San Diego, CA, USA) or 
Infinium HumanMethylation450 (450k) BeadChip 
array (Illumina) as previously described [2]. All com-
putational analyses were performed in R version 3.3.1 
(R Development Core Team, 2016; https://www.R- proje 
ct.org). Copy- number variation analyses from 450k and 
EPIC methylation array data were performed using the 
conumee Bioconductor package version 1.12.0. Raw sig-
nal intensities were obtained from IDAT- files using the 
minfi Bioconductor package version 1.21.4 [1]. Illumina 
EPIC samples and 450k samples were merged to a com-
bined data set by selecting the intersection of probes 
present on both arrays (combineArrays function, minfi). 
Each sample was individually normalized by performing 
a background correction (shifting of the 5% percentile 
of negative control probe intensities to 0) and a dye- 
bias correction (scaling of the mean of normalization 
control probe intensities to 10,000) for both color chan-
nels. Subsequently, a correction for the type of material 
tissue (FFPE/frozen) and array type (450k/EPIC) was 
performed by fitting univariable, linear models to the 
log2- transformed intensity values (removeBatchEffect 
function, limma package version 3.30.11). The methyl-
ated and unmethylated signals were corrected individu-
ally. Beta- values were calculated from the retransformed 
intensities using an offset of 100 (as recommended by 
Illumina). All samples were checked for duplicates by 
the pairwise correlation of the genotyping probes on the 
450k/850k array. To perform unsupervised non- linear 
dimension reduction, the remaining probes after stand-
ard filtering [2] were used to calculate the 1- variance 
weighted Pearson correlation between samples. The re-
sulting distance matrix was used as input for t- SNE anal-
ysis (t- distributed stochastic neighbor embedding; Rtsne 
package version 0.13). The following non- default param-
eters were applied: theta = 0, pca = F, max_iter  = 20,000 
perplexity = 10.
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2.6 | RNA sequencing and clustering

Complete RNA samples were extracted from snap- 
frozen tumors using the TRIzol/chloroform method 
(Chomczynski and Sacchi, 1987) (Thermo Fisher 
Scientific, Carlsbad, CA, USA) and were qualified 
with fragment analysis by TapeStation 4200 (Agilent 
Technologies, Carlsbad, CA, USA). Libraries were 
prepared using TruSeq mRNA- stranded library kits 
(Illumina, Inc., San Diego, CA, USA). One microgram of 
total RNA per sample was purified, reverse transcribed, 
fragmented, indexed, and amplified to make the RNA 
library. Libraries were sequenced over 2 × 150 pb with 
a 500 High Output v2 on NextSeq500 (Illumina, Inc., 
San Diego, CA, USA). Expression data were generated 
using Star Aligner (V2.5.3a) and count matrices using 
FeatureCount (V1.6.0). The count matrices were normal-
ized in FPKM. Data were used for a clustering analysis 
(Ward method and correlation Spearman or Pearson with 
or without Internal Quantil Range) and also used for box-
plot generation. For principal component analyses, the 
gene expression matrix (TPM) was normalized and genes 
with at least 0.5 TPM in 20% of all samples were kept for 
further analysis. Analyses were performed in the R soft-
ware. Clustering by principal component analysis was 
performed with the prcomp function. A fusion analysis 
was performed from FastQ with two approaches. (1) a 
targeted analysis using dedicated reference fusion se-
quences implemented with known fusions of each tumor 
type. (2) an exploration analysis using five fusion finder 
tools (TopHat fusion v2.0.6, Defuse V0.6.0, StarFusion 
V2.5.3, Fusion Catcher v1.00, and FusionMap). The fu-
sion interpretation combines both results of the targeted 
fusion and those of the exploration analysis. To perform 
cluster analysis, we used the UMAP (Uniform Manifold 
Approximation and Projection) technique which is a 
practical scalable algorithm, complementary of t- SNE, 
based on the expression data (using STAR v2.7 gencode 
v19 and Seurat package on R). In our study, the RNA 
values of the four cases were compared with a dataset 
of tumors with EWSR1 fusion with a gene of the CREB 
family (six AFH of the soft tissue; nine clear cell sar-
comas), meningiomas (n = 25), and fibrous solitary tu-
mors (SFT) (n  =  26) of the meninges (n  =  11) or other 
sites (n = 15). Gene expression data were extracted using 
the Kallisto v0.42.5 tool with GENECODE to release 
23  genome annotations based on the GRCh38  genome 
reference. Clustering was performed with the R package 
Cluster v2.0.3 ConsensusClusterPlus v1.46.

2.7 | Ultrastructural analyses

A representative section was first selected for each case 
on formalin- fixed, paraffin- embedded tissues stained 
with Hemalun Phloxin Saffron. Then, tissues were de-
paraffinized and fixed for1  h in glutaraldehyde. After 

dehydration processing, tissues were embedded in Epon. 
Semi- thin sections (1- μm- thick slides) were stained with 
toluidine blue. Ultrathin sections (90 nm) were stained 
with lead citrate and uranyl acetate, then observed 
under an electronic microscope (JEOL JEM 1400 Flash). 
Analysis was performed at the Limoges University 
Hospital in the Pathology Department by one neuro-
pathologist (MD).

3 |  RESU LTS

3.1 | Clinical and radiological characteristics

The clinical data of the patients are detailed in Table 1. 
The median age of presentation in our cohort was 23 years 
(ranging from 8 to 73). Four patients (36%) were children. 
The female- to- male ratio was 0.6 (four females and seven 
males). Three patients (Cases #3, 7, and 9) had a clinical 
history of lymphomas (of different histopathologies) and 
two other have, respectively, a previous history of breast 
cancer (Case #2) and allograft for mucopolysacchari-
dosis (Case #8). All tumors were extra- parenchymal, 
mostly supratentorial (10/11 cases), and two cases were 
intraventricular. Data from treatment and follow- up 
were available for all patients (for details see Table 1). A 
gross total resection was achieved in 9/11 patients with 
no residual disease checked on the postoperative central 
neuroradiological review. Two patients underwent focal 
radiation therapy and one patient received adjuvant 
chemotherapy. Most cases (8/11) were free of disease at 
2 to 53 months (mean, 25 months; median, 27 months) 
including three cases with >3- year survival after resec-
tion. Interestingly, those cases were treated only by gross 
total resection. Two patients presented a local recur-
rence after an incomplete resection and another pre-
sented a local recurrence more than 10  years after the 
initial resection, but these three patients are currently 
alive and well. There was no evidence of metastatic dis-
ease in any patient. Preoperative imaging was available 
in 9/11 patients. Radiologically, five lesions (56%) were 
purely extra- axial, 2 (22%) were extra- axial with cortical 
involvement (Cases 5 and 6), and two (22%) were intra-
ventricular (Cases 8 and 9). The mean lesion diameter 
was 37 mm (±8 mm) and mean volume was estimated at 
75 ml (±69). In seven patients, where an unenhanced T1- 
weighted sequence was available, all lesions were hypoin-
tense. In eight patients, where the T2- weighted sequence 
was available, three tumors (37%) presented a high or 
very high T2 intensity with hypointense septa, and five 
(63%) were heterogeneous and hypointense. In four pa-
tients where susceptibility imaging was available, three 
(75%) presented with hypointense foci, often peripheral, 
that could represent hemorrhagic changes. In six patients 
where diffusion sequence was available (Cases #1, 3, 6, 7, 
9, and 11), all lesions were hypointense, with increased 
ADC (mean value: 1.590 ± 588 × 10−3 mm2.s−1) and four 
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(67%) had a peripherally decreased ADC rim. All lesions 
presented an enhanced tissular portion and lobulated 
contours. Cystic components were present in 5/9 lesions 
(56%, Cases #5, 6, 7, 8, and 11). Dural tail was present in 
only two out of seven (29%, Cases #1 and 7) lesions with 
an extra- axial component. No bone involvement was 
found. In three patients explored with perfusion imaging 
(Cases #1, 3, and 7), all displayed hyperperfusion (rela-
tive cerebral blood volume ≥10).

3.2 | Histopathological and 
immunohistochemical characterization

All tumors were multinodular at low- power magni-
fication and were well- circumscribed by a fibrous 
pseudocapsule (in 4/4 of the evaluable samples). 
Lymphoplasmacytic infiltrates were present in 6/11 
cases, constituting a peritumoral cuff in only three cases. 
Follicles with germinal centers were encountered in 1/11 
cases. No multinucleate giant cells were present. Only 
one case (#10) presented blood- filled pseudoangioma-
toid spaces. A prominent myxoid stroma, representing 
more than 60% of the tumor surface in the available his-
tological sections, was present in 8/11 cases. The cellu-
lar density was variable, low in nine tumors, and high in 
three cases (#1, 5, and 11). In 10/11 cases, tumor cells were 
histiocytoid or spindle- shaped with mildly atypical oval 
or polygonal vesicular nuclei, inconspicuous nucleoli, 

and eosinophilic cytoplasm with ill- defined borders. In 
one case (#1), tumor cells were epithelioid with clear cell 
cytoplasm. Intranuclear cytoplasmic inclusions were ob-
served in all cases. In a subset of cases, hemosiderin dep-
osition (6/11 cases) and cystic degeneration (3/11) were 
present. The vascularization was well- developed with 
thin- walled branching vessels (11/11 cases) or a pseudo- 
angiomatous appearance (9/11 cases). No staghorn ves-
sels were observed. Calcifications (but no psammoma 
bodies), osseous metaplasia, and a pseudochondroid ma-
trix were evidenced in one case, respectively. Amianthoid 
fibers were observed in 6/11 cases. Necrosis was absent in 
all cases and mitoses were scant (0 to 8 per 10 high- power 
fields, so 3.2 mm2, with a mean of three mitoses), except 
in the recurrence of Case #1 which presenting necrosis 
and a high mitotic index (54 per 10 high- power fields). 
Ki- 67 labeling activity was very low (1%– 8%) in all pri-
mary tumors. By immunohistochemistry, all tumors ex-
pressed CD68 and EMA. Desmin was variably stained 
(absent in Case #1, focal in Cases #4 and 8, as part of 
tumor cells in cases #2, 3, 5, 6, 7, 9, and 11, and diffuse 
in Case #10, respectively). CD99 (6/11), S100- protein 
(9/11), and MUC4 (3/11 cases, with only focal staining) 
and CKAE1AE3 (1/11) were expressed in a subset of tu-
mors. Focal expression of SSTR2A was evidenced in 3/11 
cases. Staining for smooth muscle- actin, CD34, GFAP, 
CD56, synaptophysin, SOX10, HMB45, Melan- A, and 
ALK was constantly negative. INI1 expression was re-
tained in all cases.

TA B L E  1  Summary of clinical characteristics of cases of our series

Case
Age (y), 
sex Medical history Site of the tumor Treatments

Recurrence, PFS 
(m)

Status at the end of 
follow- up, OS (m)

1 20, M 0 Extra- axial GTR, RT, CT Local, 119 Alive, 158

Right parieto- occipital

2 59, F Breast cancer Extra- axial PR Local, 10 Alive, 17

Right para- sagittal

3 15, F Mediastinal lymphoblastic 
lymphoma

Extra- axial GTR 0 Alive, 36

Left para- sagittal

4 73, M 0 Sellar GTR 0 Alive, 36

5 50, F 0 Extra- axial GTR 0 Alive, 10

Right cerebellar

6 41, M 0 Extra- axial PR, RT Local, 49 Alive, 80

Falx cerebri

7 8, M Orbit Burkitt lymphoma Extra- axial GTR 0 Alive, 23

Falx cerebri

8 16, M Mucopolysaccharidosis Intra- ventricular GTR 0 Alive, 53

9 23, M Hodgkin lymphoma Intra- ventricular GTR 0 Alive, 6

10 38, F 0 Extra- axial GTR 0 Alive, 2

Left parieto- occcipital

11 16, M 0 Extra- axial GTR 0 Alive, 31

Left parietal

Abbreviations: CT, chemotherapy; F, female; GTR, gross total resection; M, male; m, months; PR, partial resection; RT, radiation therapy; Y, years old.
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3.3 | DNA methylation profiling

DNA- methylation profiles were obtained from 10 
tumor samples with sufficient DNA quality. Using 
DNA methylation- based classification and the 
Heidelberg Brain Tumor and Sarcoma Classifiers (ver-
sion 11b4/12.2), none of the tumors were classifiable 
(calibrated scores for DNA methylation class <0.9). 
Next, a t- Distributed Stochastic Neighbor Embedding 
(t- SNE) analysis was performed in comparison with 

the genome- wide DNA methylation profiles of the sar-
coma reference cohort (43) as well as a more focused 
analysis with selected reference groups. While six of the 
cases grouped together close to the clusters of menin-
gioma and solitary fibrous tumor, the remaining four 
cases showed no obvious relation to any of the other 
reference classes but were close to the clusters of extra- 
CNS angiomatoid fibrous histiocytomas (n = 1), clear 
cell sarcomas (n = 1), or solitary fibrous tumors (n = 2) 
(Figure 1).

F I G U R E  1  t- distributed stochastic neighbor embedding (t- SNE) analysis of DNA methylation profiles of the 10 investigated tumors 
alongside selected reference samples. Reference DNA methylation classes: angiomatoid fibrous histiocytoma (AFH), angiosarcoma (AS), clear 
cell sarcoma of soft parts (CCS), chordoma (CHORD), clear cell chondrosarcoma (CSA_CC), chondrosarcoma group A (CSA _Group_A), 
chondrosarcoma group B (CSA_Group_B), chondrosarcoma IDH mutant group A (CSA_IDH_Group_A), chondrosarcoma IDH mutant group 
B (CSA_IDH_Group_B), chondrosarcoma mesenchymal (CSA_MES), desmoplastic small round cell tumor (DSRCT), extraskeletal myxoid 
chondrosarcoma (EMCS), ewing sarcoma (EWING), gastrointestinal stromal tumor (GIST), myxoid liposarcoma (MLS), meningioma (MNG), 
solitary fibrous tumor/hemangiopericytoma (SFT_HMPC)
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3.4 | RNA sequencing and clustering results

Transcript fusions are summarized in Table S1. 
Unsupervised cluster analysis showed that both CNS tu-
mors with an EWSR1 fusion formed a common cluster, 
independent of meningiomas and SFT, but in vicinity to 
their extra- CNS counterparts, particularly the soft tis-
sue AFH (Figure S1).

3.5 | Ultrastructural results

Ultrastructural analyses were available for six cases 
(Cases #1, 2, 3, 5, 7, and 8). All tumors showed intercel-
lular junction- type desmosomes, zonula occludens, zonula 
adherens, and extra- cellular collagen (Figure S2). To note, 
no electron- dense granules, no melanosomes, no clear 
vesicles, and no dense- core granules were identified in 
any case. There were intranuclear cytoplasmic inclusions.

3.6 | Integrative histomolecular diagnosis

Case #10  classified close to AFH of the soft tissue by  
t- SNE analysis was the unique case of our series to pre-
sent histopathology of classical AFH (Figure 2). The mor-
phological triad (including cystic pseudoangiomatoid 
spaces) was clearly visible with a thick fibrous capsule 
and the most prominent lymphocytic peripheral cuff of  
tumors of our series. Moreover, there was no prominent 
myxoid stroma. The tumor harbored an EWSR1:ATF1 
fusion.

Case #1 was different radiologically (no cystic com-
ponent) and morphologically from the other cases of 
our series, presenting necrosis, and an elevated mitotic 
index. It presented an epithelioid pattern composed of 
nests of cohesive clear cells (Figure 3). Despite the ab-
sence of immunoexpression of melanocytic markers and 
the presence of an EWSR1:CREM fusion, this tumor 
clustered in close vicinity with CCS by t- SNE analysis.

F I G U R E  2  Histopathological features of Case #10. (A) Prominent peritumoral lymphoplasmacytic infiltrates (arrowheads) around 
the fibrous pseudcapsule (HPS, magnification x40). (B) Well- circumscribed tumor delineated by a fibrous pseudocapsule (arrowheads) 
(HPS, magnification x100). (C) Cystic pseudoangiomatoid space lined by tumor cells (HPS, magnification x90, and insert magnification 
x400). Black scale bars represent 1 mm (A), 500 µm (B), and 250 μm (C). HPS, hematoxylin phloxin saffron
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F I G U R E  4  Radiological and histopathological features of Cases #7 and 9. Case 7 (upper row, A– D) displayed an extra- axial 
interhemispheric lesion with low signal on axial T2- weighted sequence (arrow in A) and T1- weighted sequence (arrow in B) surrounded 
with large peritumoral edema (red asterisk in A). After contract injection (C), the lesion presented homogenous and intense enhancement, 
and displayed a peripheral cyst (white arrowhead) and a dural tail (red arrowhead). ADC map (D) displayed a central increase of diffusion 
coefficient (asterisk) and a peripheral decrease (arrowhead). Case 9 (lower row, E– H) presented a right intraventricular lesion. This lesion 
was highly hyperintense in axial T2* sequence (E) with peripheral susceptibility hypointensities (red arrowheads) and large peripheral 
edema (asterisk). On sagittal T1- weighted sequence before (F) and after (G) contrast injection, the lesion presented a peripheral enhanced 
tissular portion (black arrow) and a central unenhanced portion (white asterisk in G). ADC map (H) displayed an increase of diffusion 
coefficient inside the necrotic component (asterisk) and intermediate diffusion coefficient in the tissular component (arrowhead in H). (I) 
Well- circumscribed and multilobulated tumor (HPS, magnification x10). (J) Myxoid stroma in the tumor (HPS, magnification x400). (K) 
Amianthoid fibers (HPS, magnification x400). (L) Expression of EMA (magnification x400). (M) Expression of desmin (magnification x400). 
Black scale bars represent 2,5 mm (I), 50 µm (J– M). HPS, hematoxylin phloxin saffron
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Cases #2, 3, 6, 7, 8, and 9 clustered together between 
meningiomas and SFT by t- SNE analysis. Radiologically, 
they all were lobulated, well- delimited with a cystic com-
ponent in most cases. Histopathologically, all cases pre-
sented nodules and an alternate of myxoid prominent 
stroma containing some cord- like cells and more cellular 
nodules with a variable fibrous collagenous stroma and 
frequent amianthoid fibers (Figure 4). All cases presented 
intranuclear cytoplasmic inclusions but no psammoma 
bodies or whorls- like structures were observed and they 
did not express diffusely SSTR2A. They shared the same 
locations as we can encounter in meningiomas, such as 
the falx cerebri and ventricles. Moreover, four cases with 
the available ultrastructural analysis presented junction- 
type desmosomes, zonula occludens, zonula adherens. 
Interestingly, four of these six patients (66%) had a previ-
ous history of chronic immunodepression (particularly 
lymphomas in Cases #3, 7, and 9).

The two last tumors (Cases #5 and 11) presented a 
higher cellular density composed of sheets of histiocy-
toid cells without atypia or mitoses (Figure 5). They did 
not present cystic pseudoangiectatic spaces and were 
well- circumscribed from the parenchyma, delineated by 
a thin fibrous capsule. The inflammatory peripheral cuff 
was made of scarce foci of lymphocytes. Myxoid modi-
fications were present in one of the two cases but were 
not prominent. Collagen fibers were prominent in some 
areas of the tumors organized in thick bundles and with 
amianthoid fibers (Figure 5). By immunohistochemis-
try, they express EMA and desmin but did not stain with 
STAT6 and SSTR2A (Figure 5). By DNA- methylation 
analysis, the t- SNE showed that they were in close vicin-
ity with SFT. They harbored an EWSR1:CREM and an 
EWSR1:ATF1 fusions.

4 |  DISCUSSION

FET:CREB fusions are not an entity- specific molecular 
alteration. They can be found ubiquitously in a large 
variety of tumors having different phenotypes, such as 
CCS, clear cell sarcoma- like tumors of the gastrointes-
tinal tract, AFH, and PPMS (14,18), among others. In 
the recent literature, a novel CNS tumoral entity has 
been described, characterized by FET:CREB fusions. 
The wide morphological and molecular overlap of these 
FET:CREB- fused CNS tumors with soft tissue AFH 
raises the question as to whether these tumors represent 
a spectrum of the same disorder or not. Here we stud-
ied a series of CNS tumors with FET:CREB fusion, and 
performed a comprehensive study including, for the first 
time, a DNA- methylation approach. Based on epige-
netic profiling, our tumor series did not clearly form its 
own cluster different from all other established groups. 
However, we showed that the main subgroup of tumors 
(6/11 cases) did in fact cluster together, and were not clas-
sified as mesenchymal tumors in the sarcoma classifier 

but between meningiomas and SFT. Because DNA meth-
ylation profiles are thought to represent a combination 
of both somatically acquired DNA methylation changes 
and a signature reflecting the cell of origin (44), it is, 
therefore, reasonable to assume that tumors from the 
CNS represent a distinct entity from soft tissue AFH. 
Moreover, our cases presented ultrastructural (presence 
of junction- type desmosomes, zonula occludens, zonula 
adherens) and histopathological (absence of complete di-
agnostic triad) differences from AFH of the soft tissue 
(45– 48). These tumors shared with meningiomas some 
histopathological (intranuclear cytoplasmic inclusions 
described in our cases and whorls described in reported 
cases) (38,49), radiological (tumor locations), and ultra-
structural (junctions encountered in arachnoidal cells 
from the leptomeninges) characteristics. Furthermore, 
their epigenetic proximity with meningiomas can suggest 
a leptomeningeal cell origin for this new tumoral entity. 
However, our results seem to evidence that FET:CREB- 
fused intracranial tumors do not represent a new variant 
of meningioma. Radiologically, the presence of cystic 
areas was a more frequent feature in our series than in 
meningiomas (50). Most of the FET:CREB- fused intrac-
ranial tumors displayed a low diffusion signal and high 
ADC (mean ADC values of 1.590 ± 588 × 10−3 mm2.s−1 
in our series compared to 0.96 and 0.80 × 10−3 mm2.s−1  
for grade I or grade II/III meningiomas, respectively, 
in a previous series) (51), which may be a marker 
for low cellularity and a myxoid component (52,53). 
Histopathologically, meningiomas may present myxoid 
modifications (54,55), but lack the characteristic fibrous 
pseudocapsule and peritumoral lymphoplasmacytic cuff, 
as well as desmin expression by immunohistochemistry 
encountered in FET:CREB- fused intracranial tumors. 
Moreover, our series showed that in contrast to meningi-
omas, mesenchymal tumors of the CNS with FET:CREB 
fusion did not express diffusely SSTR2a, which is a di-
agnostic biomarker of meningioma (56). Accordingly to 
all these results, we suggest the terminology of “primary 
intracranial mesenchymal tumor, FET:CREB- fused” to 
designate these tumors. Histopathologically, specific 
features of those tumors included the constant EMA and 
desmin immunoexpressions and the frequent presence of 
amianthoid fibers.

Although most cases grouped together and the exis-
tence of a distinct methylation class could potentially 
be masked by the low number of cases included, the 
remaining tumor samples did segregate into different 
groups. First, one of our cases shared clinical (young 
age), radiological (presence of a cystic component) (57), 
histopathological (presence of the triad), and molecular 
(EWSR1:ATF1 fusion, the preferential fusion transcripts 
in AFH of the soft tissue (2– 5,7,8,12,13,15– 18,58– 64)) 
features with AFH of the soft tissue but no other 
tumor location was found. Further samples with DNA- 
methylation analyses are needed to confirm that true 
primary AFH exist in the CNS. Besides, one of our cases 
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presented histopathological similarities (clear cells, epi-
thelioid pattern, without myxoid stroma associated with 
signs of malignancy, such as necrosis and elevated mi-
totic and MIB- 1  labeling indexes) with CCS. However, 
because of the absence of the expression of melanocytic 
markers and the absence of electron- dense granules and 
melanosomes by ultrastructural analyses (65), the termi-
nology of CCS cannot be retained. Another differential 
diagnosis could be a metastasis of a malignant gastro-
intestinal neuroectodermal tumor (which was never 
described to date in the CNS) but no neoplasm of the di-
gestive tract was known in our patient, and our case did 
not express SOX10 and neuroendocrine markers which 
are frequently stained in this entity (66,67). Interestingly, 
our case was the only one to recur after total resection in 
our series. Despite these advances in the deciphering of 
FET:CREB- fused CNS tumors, our study showed that 
the two last cases did not cluster with the three previous 
subgroups and further cases have to be added to clearly 
delineate their origins.

To conclude, our study, based on DNA methylation 
profiling, has uncovered heterogeneity within what has 
previously been considered a single tumoral entity and 
clearly distinguished intracranial tumors from their soft 
tissue counterparts. However, our study evidenced that 
a subset of those tumors seems to delineate a new meth-
ylation class, that we suggest to designate as “primary 
intracranial mesenchymal tumors, FET:CREB- fused.” 
Further studies are needed to characterize in detail this 
rare type of tumor and to validate the epigenetic findings 
that suggest a possible new cluster of tumors. In partic-
ular, correlations with the ultrastructural findings will 
be of interest because they show similarities between all 
cases, even those outside of the putative new cluster.
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