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Abstract 

Intracranial mesenchymal tumor (IMT), FET::CREB fusion‑positive is a provisional tumor type in the 2021 WHO clas‑
sification of central nervous system tumors with limited information available. Herein, we describe five new IMT cases 
from four females and one male with three harboring an EWSR1::CREM fusion and two featuring an EWSR1::ATF1 
fusion. Uniform manifold approximation and projection of DNA methylation array data placed two cases to the meth‑
ylation class “IMT, subclass B”, one to “meningioma‑benign” and one to “meningioma‑intermediate”. A literature review 
identified 74 cases of IMTs (current five cases included) with a median age of 23 years (range 4–79 years) and a slight 
female predominance (female/male ratio = 1.55). Among the confirmed fusions, 25 (33.8%) featured an EWSR1::ATF1 
fusion, 24 (32.4%) EWSR1::CREB1, 23 (31.1%) EWSR1::CREM, one (1.4%) FUS::CREM, and one (1.4%) EWSR1::CREB3L3. 
Among 66 patients with follow‑up information available (median: 17 months; range: 1–158 months), 26 (39.4%) 
experienced progression/recurrences (median 10.5 months; range 0–120 months). Ultimately, three patients died 
of disease, all of whom underwent a subtotal resection for an EWSR1::ATF1 fusion‑positive tumor. Outcome analysis 
revealed subtotal resection as an independent factor associated with a significantly shorter progression free sur‑
vival (PFS; median: 12 months) compared with gross total resection (median: 60 months; p < 0.001). A younger age 
(< 14 years) was associated with a shorter PFS (median: 9 months) compared with an older age (median: 49 months; 
p < 0.05). Infratentorial location was associated with a shorter overall survival compared with supratentorial (p < 0.05). 
In addition, the EWSR1::ATF1 fusion appeared to be associated with a shorter overall survival compared with the other 
fusions (p < 0.05). In conclusion, IMT is a locally aggressive tumor with a high recurrence rate. Potential risk factors 
include subtotal resection, younger age, infratentorial location, and possibly EWSR1::ATF1 fusion. Larger case series are 
needed to better define prognostic determinants in these tumors.
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Introduction
Intracranial mesenchymal tumor (IMT), FET::CREB 
fusion-positive is a provisional tumor type in the 2021 
World Health Organization (WHO) classification of cen-
tral nervous system tumors [27]. It represents primary 
intracranial mesenchymal neoplasms that typically affect 
children and young adults. These tumors are character-
ized by the fusion of a FET RNA-binding protein family 
gene, which includes Ewing sarcoma RNA binding pro-
tein 1 (EWSR1) and fused in sarcoma (FUS), to a cAMP 
response element-binding protein (CREB) family gene, 
which includes activating transcriptase factor-1 (ATF1), 
cAMP responsive element binding protein 1 (CREB1), 
cAMP response element modulator (CREM), and cAMP 
responsive element binding protein 3 like 3 (CREB3L3). 
IMTs are rare tumors with only scattered case reports 
and small case series published in the literature [35, 
36, 40], so specific information regarding their charac-
teristics, especially their clinical behavior, is not well 
known. In the current study, the clinicohistopathologic 
and molecular findings of five new cases of FET::CREB 
fusion-positive IMT are detailed. Additionally, a com-
prehensive review of the literature to summarize relevant 
clinical, histopathological, genetic, treatment, and out-
come information of this unique tumor type is reported.

Materials and methods
Tumor sample collection
Five IMT cases with documented FET::CREB fusion were 
collected from participating institutions. Fusions were 
confirmed by either fluorescence in situ hybridization or 
next-generation sequencing at referring laboratories. In 
addition, four of the cases were subjected to methylation 
profiling. The following patient characteristics and clini-
cal data were retrieved from hospital records: age, sex, 
presenting symptoms, MRI characteristics, tumor loca-
tion and size, extent of resection, histology, fusion part-
ners, methylation profile, treatment, and follow-up data.

Fluorescence in situ hybridization
Fluorescence in  situ hybridization (FISH) analysis was 
performed on representative unstained 5-μm formalin-
fixed paraffin-embedded (FFPE) sections of cases 1, 2, 
3, and 5 using an EWSR1 break-apart probe set (Agilent 
Technologies, Santa Clara, CA) followed by reflex stud-
ies with three fusion probe sets in the following order: 
EWSR1::ATF1, EWSR1::CREB1, and/or EWSR1::CREM. 
The three custom fusion probe sets utilized BAC clone 
cocktails that were selected based on their location in 
the UCSC Human Genome Browser (http:// genome. 
ucsc. edu) and were obtained from the BACPAC sources 
of BACPAC Genomics (https:// bacpa creso urces. org). 
Probes were directly labeled by nick translation and 

hybridized as previously described [1]. Each clone was 
also hybridized to normal metaphases to confirm cor-
rect mapping, optimal signal intensity, and lack of 
cross-hybridization. Results were evaluated using the 
thresholds established by in-house validation studies.

Next‑generation sequencing
Nucleic acid was extracted from representative unstained 
5-μm FFPE sections of Case 4 and subjected to a solid 
tumor panel for sequence analyses of 238 genes and 
a fusion panel targeting over 700 exons of 117 can-
cer genes at the Children’s Hospital of Philadelphia 
(CHOP). Extracted DNA was fragmented and tagged 
using  SureSelectQXT target enrichment to generate 
adapter-tagged libraries. Biotin-labeled probes specific 
to the targeted regions were used for capture hybridi-
zation. Libraries were enriched for the desired regions 
using streptavidin beads and then subjected to sequence 
analysis on Illumina MiSeq or HiSeq platform for 150 
bp paired-end reads. RNA sequencing libraries were 
prepared using Archer Universal RNA Reagent Kit with 
CHOP fusion panel custom-designed primers with target 
specific molecular barcode. Sequencing data were ana-
lyzed using Archer™ Analysis for fusion genes.

Genome‑wide DNA methylation profiling
Genome-wide methylation profiling was performed on 
cases 1, 2, 3, and 4. Briefly, genomic DNA was extracted 
from FFPE tissue sections after macro-dissection to 
enrich for viable tumor content using the All Prep DNA/
RNA FFPE kit (Qiagen). The DNA was bisulfite converted 
using EZ DNA Methylation Kit (Zymo Research D5001) 
and subsequently processed using Infinium Methylation 
EPIC 850K kit according to the manufacture’s protocol 
(Illumina). The beadchips were scanned on iScan reader 
(Illumina) and output idat files were processed through 
the DKFZ CNS classifier versions v11b6 and v12b6 (pub-
licly available, unpublished) of the CNS tumor methyla-
tion classifier [8]. In addition, we requested the National 
Cancer Institute Laboratory of Pathology to provide a 
dataset of ~ 7500 brain tumors with 198 classes. Raw idat 
files were processed using single sample noob normali-
zation available in minfi R package [5]. Prior to this we 
removed any probes with detection p value less than 0.05. 
Because this given dataset of ~ 7500 samples consists of 
mixed data from the 450k and EPIC arrays, we selected 
common probes (n = 452,453) between the two arrays. In 
the next step, we removed sets of probes that consisted 
of probes on X and Y chromosomes, single nucleotide 
polymorphism related probes, and probes not uniquely 
mapped to human reference genomes. After filtering of 
probes, 357,483 common probes were selected on the 
EPIC/450k array for further analysis. We performed 

http://genome.ucsc.edu
http://genome.ucsc.edu
https://bacpacresources.org
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unsupervised clustering on all these samples and calcu-
lated 198 principal components with most variable 20k 
probes and used these data to create uniform manifold 
approximation and projection (UMAP).

Literature search
A comprehensive review of the literature was performed 
to identify all reported cases of IMT with confirmed 
FET::CREB fusion up to September 2023 in the English 
literature. Specifically, PubMed was queried with the 
search terms “intracranial mesenchymal tumor AND 
fusion”, “angiomatoid fibrous histiocytoma AND intrac-
ranial”, and “(intracranial mesenchymal tumor OR angi-
omatoid fibrous histiocytoma) AND fusion”. All case 
reports, case series, and review articles that presented 
new cases of IMT with FET::CREB fusion were included. 
Additionally, references for all articles were reviewed to 
evaluate for any further cases that were not revealed in 
the initial literature search. All available clinical, patho-
logical, genetic, treatment, and outcomes information 
were extracted for each individual patient. Reports that 
did not specify both fusion partners were excluded from 
further analyses.

Statistical analyses
The Kaplan–Meier method was used to estimate the 
probability of survival. Progression-free survival (PFS) 
and overall survival (OS) were analyzed for extent of 
resection (EOR), age, tumor location, and fusion part-
ner. PFS was defined as the time between initial diag-
nosis and radiographic recurrence or last follow-up. OS 
was defined as the time from initial diagnosis to death. 
For each factor, the Log-rank test was performed to 
compare the survival times among the groups. Cox pro-
portional hazard regression models were used for mul-
tivariate analysis. R packages “survival” and “survminer” 
and GraphPad prism version 9.5.1 (GraphPad Software, 
San Diego, CA, USA) were used to perform the analy-
ses. A p-value less than 0.05 was considered statistically 
significant.

Results
Case presentations
Clinical characteristics
The median age for the five new cases of IMT with 
confirmed FET::CREB fusion in the current series was 
26 years old (range 13–32 years; Table 1). There were four 
female patients and one male patient. Four of the patients 
(Cases 2–5) presented with symptoms associated with 
elevated intracranial pressure such as headache and 
changes to vision. Patient 1 presented with a new onset 
generalized tonic–clonic seizure. None of the patients 

had a history of previous CNS disease or any previous 
chemoradiation therapies for other disease processes.

Imaging characteristics
All five patients presented with supratentorial lesions 
(Fig. 1). Three tumors (Cases 1, 3, and 4) were localized 
to the frontal lobe, one (Case 2) was intraventricular, and 
the final tumor (Case 5) was in the suprasellar space. All 
tumors were well-circumscribed, avidly enhancing with 
surrounding vasogenic edema. Two tumors (Cases 4 and 
5) showed both solid and cystic components.

Histological and immunohistochemical characteristics
The five tumors demonstrated heterogenous histological 
findings (Fig. 1). Cases 1 and 2 were well-circumscribed, 
lobulated lesions with a dense lymphocytic infiltrate at 
the periphery as well as within the tumor. The spindled/
stellate tumor cells were arranged in whorls, small nests, 
or cords in a myxoid or collagenous stroma. Case 3 was 
composed of sheets of epithelioid cells with significant 
nuclear pleomorphism. A mixed lymphoplasmacytic 
inflammatory infiltrate was again noted. Case 4 consisted 
of hypercellular, tightly-packed small round cells with 
scattered karyorrhectic debris. A significant lymphocytic 
infiltrate was not appreciated. Case 5 exhibited scattered 
spindle cells in a prominent myxoid stroma. Mitotic 
activity and Ki-67 labelling indices were low in four cases 
but the Ki-67 labelling index was elevated to 40% in the 
hypercellular areas in Case 4.

By immunohistochemistry, all five cases showed at 
least focal positivity for EMA, CD99, and vimentin. 
Desmin was positive in four cases (diffuse in Cases 1–3 
and focal in Case 4) and was negative in only one case 
(Case 5). Synaptophysin was focally positive in two cases. 
Focal positivity for CD68, MUC4, GLUT1, and S100 was 
observed in one case each. The hypercellular, primitive-
appearing areas in Case 4 were positive for CD56, AE1/
AE3, and SOX9, but were negative for synaptophysin 
and NKX2.2. PAS stain only highlighted occasional cells 
with cytoplasmic glycogen deposits, which disappeared 
after diastase treatment. All five tumors were negative 
for SSTR2, progesterone receptor, STAT6, Olig2, GFAP, 
Cam5.2, and smooth muscle antigen.

Genetic and epigenetic characteristics
FISH analysis, performed on four cases, identified the 
following fusion events: EWSR1::CREM (Cases 1 and 3) 
and EWSR1::ATF1 (Cases 2 and 5; Fig.  2). Next genera-
tion sequencing was performed on Case 4 and identified 
an EWSR1::CREM fusion. Four cases (Cases 1, 2, 3, and 
4) had adequate tissue for DNA Methylation profiling. 
UMAP embedding of DNA methylation array data placed 
Cases 1 and 2 to the methylation class “intracranial 
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mesenchymal tumor subclass B (ICMT_B)”, Case 3 to 
“meningioma subclass benign_3 (MNG_BEN_3)”, and 
Case 4 to “meningioma subclass intermediate_A (MNG_
INT_A)” (Fig. 3). When analyzed on the DKFZ classifier, 
Case 3 matched to “MNG_BEN_3 with low scores (0.68 
on version v11b6 and 0.34 on v12b6) while Case 4 was 
unclassifiable on both versions.

Treatment strategies and outcomes
Four patients, Cases 1–4, underwent surgical resec-
tion with gross total resection (GTR) achieved in all of 
them. None of those four patients received any adju-
vant therapies after initial resection. The patients in 
Cases 1–3 were alive and neurologically intact with-
out evidence of disease at their most recent follow-up 
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Desmin EMA T2 FLAIR T1+C 

Fig. 1 Representative images of MRI T1 post contrast (T1 + C), T2 FLAIR, H&E, and immunohistochemical stains for Cases 1–5. On MRI imaging, 
all five tumors were supratentorial, well‑circumscribed, avidly enhancing lesions with surrounding vasogenic edema; however, on H&E stained 
sections, they showed heterogenous morphology. Cases 1 and 2 were composed of spindled/stellate tumor cells with a dense lymphocytic 
infiltrate, while Cases 3 and 4 featured sheets of epithelioid cells and highly‑packed small round blue cells, respectively. Case 5 was distinct for its 
relatively low cellularity and a prominent myxoid stroma. By immunohistochemistry, desmin was positive in all cases except Case 5, and all five 
cases showed at least focal positivity for EMA

Case 1 Case 2 Case 3 Case 5

Fig. 2 Representative images of fluorescence in situ hybridization for Cases 1, 2, 3, and 5. Yellow arrows indicate fusions. EWSR1::CREM fusion 
was detected in Cases 1 and 3 and EWSR1::ATF1 in Cases 2 and 5
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(follow-up ranging from 1 to 12 months). The patient in 
Case 4 experienced tumor recurrence at 3 months after 
initial resection, which was treated with proton beam 
radiotherapy. Her tumor further progressed and she 
was found to have multiple bilateral pulmonary metas-
tases, which were treated with adjuvant chemotherapy. 
She remains alive 27 months after the initial resection 
with extensive disease.

Patient 5 was initially thought to have a glioma after 
identification of a suprasellar mass on imaging and was 
empirically treated with vincristine and carboplatin. 
After tumor progression, she underwent a stereotac-
tic needle biopsy, which revealed a FET::CREB fusion-
positive IMT, and received proton beam radiotherapy. 
Eight months after the biopsy, she developed profound 
cerebral edema that culminated in a state of cerebral 
herniation. An emergent right-sided hemicraniectomy 
was performed. She continued to have edema despite 
being treated with steroids, therefor another resection 
was performed, which revealed necrotic tissue without 

evidence of tumor. The MRI scan at 2 years post biopsy 
showed no evidence of recurrence.

Literature search
A comprehensive literature review identified 74 cases 
(to include the current 5 cases) of IMT with confirmed 
FET::CREB fusion reported in the English literature [3, 6, 
7, 10–26, 31–36, 38–45]. There were an additional eight 
cases with reported EWSR1 rearrangement but lacked 
identification of the fusion partner; therefore, these were 
not included in the analysis [2, 4, 8, 9, 28, 30]. Most prior 
publication represent case reports. A few small case 
series have been published recently [35, 36, 40], the larg-
est containing 20 cases [35, 36].

Clinical features
The tumors can occur in any age but predominantly 
in children and young adults (median age 23  years old; 
range 4–79  years old; Fig.  4A) with a female predomi-
nance (female 45, male 29; F/M ratio = 1.56; Fig.  4B). 

Fig. 3 UMAP embedding of DNA methylation array data for Cases 1, 2, 3, and 4. Unsupervised clustering was performed on four samples using 
the NCI reference set (n = 7467) consisting of 198 classes. Cases 1 and 2 were placed to the methylation class “intracranial mesenchymal tumor 
subclass B (ICMT_B)”, Case 3 to “meningioma subclass benign_3 (MNG_BEN_3)”, and Case 4 to “meningioma subclass intermediate_A (MNG_INT_A)”
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Presenting symptoms were available for 40 (55%) patients 
and were extremely variable, the most common being 
signs of elevated intracranial pressure such as headache, 
nausea, vomiting, and changes to vision. Other common 
symptoms included seizure, new cranial nerve deficit, 
and altered mental status.

Imaging features
Among the 74 tumors, 59 (79.7%) were supratentorial, 
12 (16.2%) were infratentorial, two (2.7%) were at the 
tentorium with both supratentorial and infratentorial 
extension, and the location of the remaining one (1.4%) 
was unclear (Fig.  4C). Furthermore, 44 (59.5%) tumors 
were extra-axial, 13 (17.6%) were intraventricular, 12 
(16.2%) were intraparenchymal, three (4.1%) were in the 
spinal column, and two (2.7%) were sellar or parasellar. 
On imaging, these tumors appear predominantly circum-
scribed, contrast-enhancing lesions with frequent cystic 
components and surrounding vasogenic edema.

Histopathological and immunohistochemical features
Histologically, these tumors are frequently well-circum-
scribed with a multinodular appearance. Many tumors 

demonstrate a dense lymphoplasmacytic cuffing at the 
periphery, some with germinal center formation. Intratu-
moral lymphoplasmacytic infiltrates are also commonly 
observed. The tumor cells can be spindled/stellate, epi-
thelioid/rhabdoid, or have a primitive appearance with 
a high nuclear/cytoplasmic ratio. The stroma can be 
myxoid or collagenous. Mitotic activity is usually low, but 
brisk mitotic activity has been reported in the literature 
and is also observed in our Case 4.

By immunohistochemistry, the tumor cells are fre-
quently positive for EMA, desmin, and CD99, either 
diffusely or focally. Positivity for vimentin, CD68, S100, 
MUC4 are variable. SSTR2A, Olig2, GFAP, STAT6, and 
CD34 are usually negative.

Genetic and epigenetic features
These tumors are characterized by the fusion of a FET 
family gene member, most commonly EWSR1 and rarely 
FUS, to a CREB family gene member, which includes 
ATF1, CREB1, CREM, and CREB3L3. This molecular 
hallmark can usually be confirmed by FISH or DNA/RNA 
sequencing. Among the 74 tumors with documented 
fusions, 25 (33.8%) featured an EWSR1::ATF1 fusion, 24 

Fig. 4 Age, sex, location, and fusion partners of the 74 cases of IMT reported to date with the five new cases included. The tumors predominantly 
occurred in children and young adults (median age 23 years old; A with a female predominance (F:M = 1.56; B Fifty‑nine (79.7%) tumors 
were supratentorial, 12 (16.2%) were infratentorial, two (2.7%) were at the tentorium with both supratentorial and infratentorial extension, 
and the location of the remaining one (1.4%) was unclear (C). Among the 74 tumors with documented fusions, 25 (33.8%) featured an EWSR1::ATF1 
fusion, 24 (32.4%) EWSR1::CREB1, 23 (31.1%) EWSR1::CREM, one (1.4%) EWSR1::CREB3L3, and the last one (1.4%) FUS::CREM fusion (D)
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(32.4%) EWSR1::CREB1, 23 (31.1%) EWSR1::CREM, and 
one (1.4%) EWSR1::CREB3L 3 [29]. There has only been 
one (1.4%) FUS::CREM fusion [35] reported (Fig. 4D).

Information regarding the epigenetic features of IMT, 
FET::CREB fusion-positive are limited. Among 35 tumors 
with methylation data available, most cases (28/35; 80%) 
were not classifiable using the DKFZ CNS or sarcoma 
classifiers at the time of publication. Three cases from 
Sloan et  al.’s cohort matched to the methylation class 
“AFH” on the DKFZ sarcoma classifier version 12.2 [35, 
36], although one case from Tauziede-Espariat et  al.’s 
cohort closely approximated “AFH” [40].

Treatment strategies
Surgical resection was attempted initially for all cases of 
the current study with the exception of Case 5, where 
chemotherapy was initially applied followed by the 
biopsy and then proton radiation. GTR was achieved in 
42 of the 73 (57.5%) cases, with subtotal resection (STR) 
in 19 (26%) and degree of resection not specified in 11 
(15.1%). Most patients did not receive adjuvant chemo-
radiation therapies, but eight of the 74 patients (10.8%) 
underwent radiotherapy following initial resection (6 
STR and 2 GTR), one (1.4%) underwent chemotherapy 
after STR, and six (8.1%) underwent combination radia-
tion and chemotherapy after STR or GTR of a tumor 
with aggressive histology.

Outcomes
Of the 74 patients, 66 (89.2%) had outcome data avail-
able with a median follow-up period of 18  months 
(range: 1–158 months). Of these 66, 26 (39.4%) patients 
experienced progression/recurrences after initial sur-
gery (median 10.5 months; range 0–120 months; Fig. 5). 
Of the 26 patients with recurrences, 14 (53.8%) had 
STR and 11 (42.3%) had GTR. The extent of resection 
of the remaining one (3.8%) was unclear. Furthermore, 
10 of these 26 (38.5%) patients had a tumor with an 
EWSR1::ATF1 fusion, eight (30.8%) had EWSR1::CREB1 
fusion, six (23.1%) had EWSR1::CREM, one (3.8%) had 
EWSR1::CREB3L3, and one (3.8%) had FUS::CREM 
fusion. Three of the 66 patients (4.5%) patients eventually 
died at 1, 27, and 63 months after initial surgery. One was 
a 9-year-old girl with a frontal tumor, and the other two 
were a 17-year-old girl and a 70-year-old man with cer-
ebellopontine angle tumors. All three patients underwent 
STR of IMTs harboring an EWSR1::ATF1 fusion.

We further assessed the impact of different clinico-
pathologic parameters on patient survival. We first 
evaluated the effect of the extent of the resection (GTR 
and STR) on prognosis. Among 59 patients with known 
extent of resection and outcome, 40 patients underwent 
GTR and 19 patients underwent STR. Patients who 

underwent STR had a significantly shorter PFS (median: 
12.0  months) compared with patients who underwent 
GTR (median: 60 months; p = 0.0003; Fig. 5A). STR also 
led to a significantly shorter OS (median: 60  months) 
compared with GTR (median not reached; p = 0.0346; 
Fig. 5A, B).

Next, we evaluated the effect of age on prognosis. 
Among 66 patients with known age and outcome, 14 
(21.2%) were younger than 14  years, who showed a 
shorter PFS compared with patients of or older than 
14  years (median 18.5 vs. 49  months, respectively; 
p = 0.0218); however, OS was not significantly different 
among these two groups (p = 0.6331; Fig. 5C, D).

We then evaluated the effect of tumor location on prog-
nosis. Among 64 patients with a known tumor location 
and outcome, 12 (18.8%) had infratentorial tumors and 
52 (78.8%) had supratentorial tumors. Although there 
was no significant difference in the median PFS among 
these two groups (18  months vs. 49  months, respec-
tively; p = 0.8507), patients with infratentorial tumors 
demonstrated a shorter OS compared with patients with 
supratentorial tumors (p = 0.0345; Fig. 5E, F). We further 
analyzed whether the effect of tumor location on prog-
nosis was dependent on EOR or age. Of the 12 patients 
with infratentorial tumors, seven underwent GTR, four 
underwent STR, and the EOR in the remaining one was 
unclear. Patients with infratentorial tumors who under-
went STR seemed to have a shorter PFS (9 months) than 
patients who underwent GTR (120  months); however, 
this difference was not statistically significant (p = 0.055). 
No significant difference was observed in OS between 
these two groups (p = 0.1). Among the 52 patients with 
supratentorial tumors, 32 underwent GTR, 14 under-
went STR, and the EOR in the remaining six was unclear. 
Patients with supratentorial tumors who underwent STR 
had a shorter PFS (10  months) compared with patients 
who underwent GTR (60  months; p = 0.0017), although 
no significant difference was observed in OS between 
the two groups (p = 0.32). No significant difference was 
observed between the ages of patients with infratentorial 
tumors and supratentorial tumors (22 vs. 23  years old; 
p = 0.7866), either.

Next, we evaluated the effect of different fusion part-
ners on prognosis. Among 66 patients with known out-
comes, no significant difference in PFS (p = 0.1766) was 
observed among tumors with different fusion partners; 
however, patients with EWSR1::ATF1 fused tumors had a 
shorter OS compared with patients with tumors harbor-
ing other fusions (p = 0.0247; Fig. 5G, H).

Finally, we performed multivariable Cox regression 
analysis to evaluate the effects of all the above parame-
ters on survival (Fig. 6). STR (HR: 5.6, confidence inter-
val: 2.3–13.6, p < 0.001) and a young age < 14  years (HR: 
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3.3, confidence interval: 1.4–7.7, p = 0.006) remained as 
independent risk factors leading to a shorter PFS, while 
tumor location (HR: 1.54, confidence interval: 0.52–4.55, 
p = 0.43) and fusion partners (HR: 1.56, confidence inter-
val: 0.64–3.85, p = 0.32) did not (data not shown).

Discussion
The 2021 WHO classification of tumors of the central 
nervous system included a new provisional tumor type 
termed “intracranial mesenchymal tumor, FET::CREB 

fusion-positive” [27]. These tumors are rare and aspects 
regarding the potential breadth of clinical behavior are 
not well-known. In the current study, detailed clinico-
pathological and molecular findings of five novel cases 
of IMT, FET::CREB fusion-positive are reported. In 
addition, an extensive literature review identified 69 
additional published cases of IMT, FET::CREB fusion-
positive. The majority of these cases occurred in children 
and young adults with a slight female predominance. 
Evaluation of the clinical outcome of these patients 

Fig. 5 Kaplan–Meier analysis of the 66 IMT cases with available outcome data based on extent of resection, age, tumor location, and fusion 
partners. A, B Patients who underwent subtotal resection (STR) had a significantly shorter PFS and OS compared with patients who underwent 
gross total resection (GTR; p = 0.0003 and 0.0346, respectively). C, D Patients younger than 14 years old showed a shorter PFS (p = 0.0218) but not OS 
(p = 6738) compared with patients of or older than 14 years. E, F Patients with infratentorial tumors did not demonstrate a shorter PFS (p = 0.8507) 
but did show a shorter OS (p = 0.0345) compared with patients with supratentorial tumors. G, H No significant difference in PFS (p = 0.1766) 
was observed among tumors with different fusion partners; however, patients with EWSR1::ATF1 fused tumors had a shorter OS (p = 0.0247) 
compared with patients with tumors harboring other fusions
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revealed STR, younger age (< 14 years old), infratentorial 
location, and possible EWSR1::ATF1 fusion as poor prog-
nostic factors for this recently defined tumor type.

The five new cases of FET::CREB fusion-positive IMT 
in the current study occurred in adolescence to early 
adulthood and showed a wide morphologic spectrum, 
from spindled/stellate cells of various cellularity (Cases 
1, 2 and 5), to sheets of epithelioid cells in Case 3, and 
to highly-packed small blue cells with frequent mitoses in 
Case 4. The patients’ outcomes in the current cases were 
also variable, with patients 1–3 showing a stable course 
after GTR while patient 4 suffering an early recurrence 
at 3  months and later developing bilateral pulmonary 
metastases. These clinicopathologic features are consist-
ent with those previously described in the literature [35, 
36, 40].

In recent years, genome-wide DNA methylation profil-
ing has emerged as a powerful tool for CNS tumor clas-
sification. Tauziede-Espariat et  al. [40] and Sloan et  al. 
[36] were the first two groups to utilize DNA methyla-
tion profiling to study IMT, FET::CREB fusion-positive. 
Among the 11 cases reported by Tauziede-Espariat et al. 
[40], none of them was classifiable using DKFZ brain 
tumor version 11b4 or sarcoma classifier version 12.2 

at publication, although one closely approximated the 
methylation class of extra-CNS “AFH”, one “clear cell 
sarcoma”, and two “solitary fibrous tumors”. Similarly, 
Sloan et al. [36] reported that only three of their 20 IMTs 
aligned with the methylation class “AFH” on the DKFZ 
sarcoma classifier version 12.2 with a calibrated score of 
greater than 0.9, indicating a high confidence classifica-
tion. The remaining 17 cases did not reliably classify as 
“AFH” or any other class on the sarcoma classifier or the 
CNS tumor classifier version 11b4. However, their 20 
cases did resolve into two distinct epigenetic subgroups 
that were both divergent from all other intracranial 
tumors and soft tissue sarcomas. In the current cohort of 
five new IMT cases, four had sufficient tissue for meth-
ylation profiling and UMAP embedding analysis. Among 
those, two cases (Cases 1 and 2) were placed to the meth-
ylation class “intracranial mesenchymal tumor”, while 
the other two cases were placed to different subclasses 
of meningioma (Case 3 to “benign_3” and Case 4 to 
“intermediate_A”), which is very intriguing. To the best of 
our knowledge, no cases in the literature have been clas-
sified in a meningioma category before. Although IMTs 
show distinct genetic alterations from meningiomas, 
both tumor types frequently present as dural-based 
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Fig. 6 Multivariate Cox regression analysis of the 66 IMT cases with available outcome data. Subtotal resection (STR; HR: 5.6, confidence interval: 
2.3–13.6, p < 0.001) and a young age < 14 years (HR: 3.3, confidence interval: 1.4–7.7, p = 0.006) remained as independent risk factors leading 
to a shorter progression free survival
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lesions with EMA immunoreactivity. In addition, the 
tumor in Case 4 eventually metastasized to bilateral 
lungs, which are a common extra-CNS site of metasta-
sis for meningiomas [37]. Taken together, the possibility 
of a shared cell of origin between IMT and meningioma 
cannot be completely excluded. In addition, the presence 
of a FET::CREB fusion itself may not be enough to place 
a tumor to the methylation class “intracranial mesenchy-
mal tumor”, as what happened to Cases 3 and 4 in our 
cohort. To further investigate this possibility, we com-
pared the two tumors (Cases 1 and 2) that were placed to 
the methylation class “intracranial mesenchymal tumor” 
by UMAP embedding and the two tumors (Cases 3 and 
4) that did not. The morphology of Cases 1 and 2, spin-
dled/stellate tumor cells arranged in whorls, small nests, 
or cords in a myxoid or collagenous stroma, was similar 
in appearance to AFH. In contrast, the majority of tumor 
cells in Case 3 were epithelioid with significant nuclear 
pleomorphism and Case 4 featured hypercellular, tightly-
packed small round cells with scattered karyorrhectic 
debris. It is possible that some genetic alterations other 
than the FET::CREB fusion have led to the divergent 
morphological and epigenetic phenotypes of Cases 3 and 
4. Further studies with larger cohorts are necessary to 
explore the full epigenetic spectrum of IMT, FET::CREB 
fusion-positive and its relationship to AFH, clear cell sar-
coma, solitary fibrous tumor, meningioma, and the other 
tumors.

To date, little is known about the prognostic factors 
for patients with IMT, FET::CREB fusion-positive. Sloan 
et al. tried to analyze the effects of EOR and mucin-rich 
versus mucin-poor stroma on prognosis [35]. However, 
due to limited numbers of cases (20 cases in their own 
cohort plus 18 cases from the literature review) included 
in their analysis, no statistically significant difference was 
observed, although STR seemed to be associated with 
an increased risk of death and tumor recurrence. Here, 
with a larger cohort of 74 patients (5 new cases and 69 
cases from the literature review), we identified EOR as a 
significant prognostic factor for IMT, FET::CREB fusion-
positive. Kaplan–Meier analysis revealed that STR led to 
significantly shorter PFS and OS compared with GTR. 
Multivariable Cox regression analysis further confirmed 
STR as an independent prognostic factor associated with 
both inferior PFS and OS. Our results suggested that 
GTR should be achieved whenever possible in patients 
with IMT, FET::CREB fusion-positive for the best 
outcome.

In addition to EOR, our study identified age as a signifi-
cant prognostic factor for IMT, FET::CREB fusion-posi-
tive. Patients younger than 14 years old had a significantly 
shorter PFS compared with patients of 14 years or older. 
Multivariable Cox regression analysis again confirmed a 

younger age as an independent risk factor associated with 
inferior PFS. Our results are consistent with what Sloan 
et  al. reported on their epigenetic classification of IMT, 
FET::CREB fusion-positive [36]. In their study, they ana-
lyzed their cohort of 20 patients by genome-wide DNA 
methylation array profiling and identified two distinct 
epigenetic subgroups. They found that Group B tumors, 
which occurred most often in early childhood (median 
age 7 years, range 4–15 years) had an inferior PFS relative 
to Group A tumors, which occurred frequently in adoles-
cence or early adulthood (median age 15 years).

Our study also suggested EWSR1::ATF1 fusion as a 
possible prognostic factor for IMT, FET::CREB fusion-
positive. Among the 74 IMT cases reported to date, three 
patients eventually died of disease, all of whom under-
went a STR for an EWSR1::ATF1 fused tumor. Sloan 
et  al. analyzed patient survival (OS and PFS) stratified 
by fusion type (EWSR1::CREB1, EWSR1::CREM, and 
EWSR1::ATF1) but did not find a statistically significant 
difference [35]. In their later analysis with epigenetic 
data, they found that Group A, which had a favorable 
outcome, contained mostly EWSR1::ATF1 and EWSR1-
CREB1 fusions, while Group B composed of more CREM 
fused tumors (either EWSR1::CREM or FUS::CREM) 
[36]. Here, we report that although EWSR1::ATF1 fusion 
did not impact PFS, tumors with EWSR1::ATF1 fusion 
did show a statistically shorter OS when compared with 
tumors harboring other fusions. Since we still only have 
three patients who died of disease, this finding needs to 
be interpreted with caution. Further study with a larger 
cohort is necessary to evaluate the precise prognostic 
effect of different fusion types.

Besides EOR, age, and EWSR1::ATF1 fusion, we further 
identified another novel prognostic factor: tumor loca-
tion. Although most IMT cases arose in the supratento-
rial areas, infratentorial tumors demonstrated shorter 
OS compared with their supratentorial counterparts by 
Kaplan–Meier analysis. However, no significant differ-
ence was observed in PFS.

In conclusion, the findings of the current study con-
firm that IMT, FET::CREB fusion-positive is a locally 
aggressive tumor with a high recurrence rate (~ 40%). The 
results also suggest that IMT, FET::CREB fusion-positive 
can be risk-stratified by several basic clinicopathologic 
parameters. Potential risk factors include subtotal resec-
tion, younger age, infratentorial location, and possibly 
EWSR1::ATF1 fusion. Larger case series are needed to 
better define prognostic determinants in this unique 
tumor type.

Abbreviations
ATF1  Activating transcriptase factor‑1
CREB  CAMP response element‑binding protein



Page 12 of 13Mezzacappa et al. Acta Neuropathologica Communications           (2024) 12:17 

CREM  CAMP response element modulator
EOR  Extent of resection
EWSR1  Ewing sarcoma RNA binding protein 1
FISH  Fluorescence in situ hybridization
FUS  Fused in sarcoma
GTR   Gross total resection
IMT  Intracranial mesenchymal tumor
OS  Overall survival
PFS  Progression‑free survival
STR  Subtotal resection
WHO  World Health Organization

Acknowledgements
Not applicable.

Author’s contributions
FM, FS, AG, FKC, IGG, HLM, JL, MG, and JB provided clinical data of the five new 
cases. FM performed literature review. FM and WZ performed the statistical 
analyses. JB performed FISH analyses. OS, MMQ, and KDA performed genome‑
wide DNA methylation profiling. FM, FS and JC conceptualized the study and 
wrote the manuscript. All authors read and approved the final manuscript.

Funding
This work was supported by interdepartmental fund to JC.

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
This study was approved by the institutional review board at the University of 
Nebraska Medical Center.

Consent for publication
Not applicable.

Competing interests
The authors have no competing interests to declare.

Author details
1 Department of Neurological Surgery, University of Nebraska Medical Center, 
Omaha, NE, USA. 2 Department of Pathology, Microbiology, and Immunol‑
ogy, University of Nebraska Medical Center, 983135 Nebraska Medical Center, 
Omaha, NE 68198, USA. 3 Department of Pathology, University of Utah 
and Huntsman Cancer Institute, Salt Lake City, UT, USA. 4 Department of Neu‑
rological Surgery, MD West ONE, Omaha, NE, USA. 5 Department of Pathol‑
ogy, Basaksehir Cam and Sakura City Hospital, Başakşehir, Turkey. 6 Division 
of Pathology, Johns Hopkins All Children’s Hospital, Petersburg, FL, USA. 
7 Department of Pathology, Microbiology, and Immunology, Vanderbilt Uni‑
versity Medical Center, Nashville, TN, USA. 8 Laboratory of Pathology, National 
Cancer Institute, National Institutes of Health, Bethesda, MD, USA. 9 Depart‑
ment of Pathology, University of Arkansas Medical Center, Little Rock, AR, USA. 
10 Division of Molecular Pathology, ProPath, Dallas, TX, USA. 

Received: 27 October 2023   Accepted: 24 December 2023

References
 1. Acosta AM, Bridge JA, Dal Cin PS, Sholl LM, Cornejo KM, Fletcher CDM, 

Ulbright TM (2023) Inflammatory and nested testicular sex cord tumor: 
a novel neoplasm with aggressive clinical behavior and frequent 
EWSR1::ATF1 gene fusions. Am J Surg Pathol 47:504–517. https:// doi. 
org/ 10. 1097/ pas. 00000 00000 002022

 2. Adams JW, Malicki D, Levy M, Crawford JR (2021) Rare intracranial EWSR1‑
rearranged myxoid mesenchymal tumour in a teenager. BMJ Case Rep. 
https:// doi. org/ 10. 1136/ bcr‑ 2021‑ 245282

 3. Aghajan Y, Malicki DM, Levy ML, Crawford JR (2019) Atypical central neu‑
rocytoma with novel EWSR1‑ATF1 fusion and MUTYH mutation detected 
by next‑generation sequencing. BMJ Case Rep. https:// doi. org/ 10. 1136/ 
bcr‑ 2018‑ 226455

 4. Alshareef MA, Almadidy Z, Baker T, Perry A, Welsh CT, Vandergrift WA 3rd 
(2016) Intracranial angiomatoid fibrous histiocytoma: case report and 
literature review. World Neurosurg 96:403–409. https:// doi. org/ 10. 1016/j. 
wneu. 2016. 09. 059

 5. Aryee MJ, Jaffe AE, Corrada‑Bravo H, Ladd‑Acosta C, Feinberg AP, Hansen 
KD, Irizarry RA (2014) Minfi: a flexible and comprehensive Bioconductor 
package for the analysis of Infinium DNA methylation microarrays. Bioin‑
formatics 30:1363–1369. https:// doi. org/ 10. 1093/ bioin forma tics/ btu049

 6. Bale TA, Oviedo A, Kozakewich H, Giannini C, Davineni PK, Ligon K, 
Alexandrescu S (2018) Intracranial myxoid mesenchymal tumors with 
EWSR1‑CREB family gene fusions: Myxoid variant of angiomatoid fibrous 
histiocytoma or novel entity? Brain Pathol 28:183–191. https:// doi. org/ 10. 
1111/ bpa. 12504

 7. Ballester LY, Meis JM, Lazar AJ, Prabhu SS, Hoang KB, Leeds NE, Fuller GN 
(2020) Intracranial myxoid mesenchymal tumor with EWSR1‑ATF1 fusion. 
J Neuropathol Exp Neurol 79:347–351. https:// doi. org/ 10. 1093/ jnen/ 
nlz140

 8. Bin Abdulqader S, Altuhaini K, Tallab R, AlTurkistani A, Alhussinan M, 
Alghamdi S, Al Saidi K, Almalki S, Alshakweer W, Alotaibi FE (2020) Primary 
intracranial angiomatoid fibrous histiocytoma: two case reports and 
literature review. World Neurosurg 143:398–404. https:// doi. org/ 10. 1016/j. 
wneu. 2020. 07. 225

 9. Choy B, Pytel P (2016) Primary intracranial myoepithelial neoplasm: a 
potential mimic of meningioma. Int J Surg Pathol 24:243–247. https:// doi. 
org/ 10. 1177/ 10668 96915 613433

 10. De Los SY, Shin D, Malnik S, Rivera‑Zengotita M, Tran D, Ghiaseddin A, Lee 
Kresak J (2021) Intracranial myxoid mesenchymal neoplasms with EWSR1 
gene rearrangement: report of 2 midline cases with one demonstrat‑
ing durable response to MET inhibitor monotherapy. Neurooncol Adv 
3:vadb016. https:// doi. org/ 10. 1093/ noajnl/ vdab0 16

 11. Domingo RA, Vivas‑Buitrago T, Jentoft M, Quinones‑Hinojosa A (2020) 
Intracranial myxoid mesenchymal tumor/myxoid subtype angiomatous 
fibrous histiocytoma: diagnostic and prognostic challenges. Neurosur‑
gery 88:E114–E122. https:// doi. org/ 10. 1093/ neuros/ nyaa3 57

 12. Dunham C, Hussong J, Seiff M, Pfeifer J, Perry A (2008) Primary intracer‑
ebral angiomatoid fibrous histiocytoma: report of a case with a t(12;22)
(q13;q12) causing type 1 fusion of the EWS and ATF‑1 genes. Am J Surg 
Pathol 32:478–484. https:// doi. org/ 10. 1097/ PAS. 0b013 e3181 453451

 13. Gareton A, Pierron G, Mokhtari K, Tran S, Tauziede‑Espariat A, Pallud J, 
Louvel G, Meary E, Capelle L, Chretien F et al (2018) ESWR1‑CREM fusion 
in an intracranial myxoid angiomatoid fibrous histiocytoma‑like tumor: a 
case report and literature review. J Neuropathol Exp Neurol 77:537–541. 
https:// doi. org/ 10. 1093/ jnen/ nly039

 14. Garnier L, Fenouil T, Pissaloux D, Ameli R, Ducray F, Meyronet D, Honnorat 
J (2021) Intracranial non‑myxoid angiomatoid fibrous histiocytoma with 
EWSR1‑CREB1 transcript fusion treated with doxorubicin: a case report. 
Mol Clin Oncol 15:131. https:// doi. org/ 10. 3892/ mco. 2021. 2293

 15. Ghanbari N, Lam A, Wycoco V, Lee G (2019) Intracranial myxoid variant 
of angiomatoid fibrous histiocytoma: a case report and literature review. 
Cureus 11:e4261. https:// doi. org/ 10. 7759/ cureus. 4261

 16. Gilbert AR, Yan L, McDougall CM (2020) Broadening the age of incidence 
of intracranial angiomatoid fibrous histiocytoma With EWSR1‑CREM 
fusion: a case report. J Neuropathol Exp Neurol 79:1244–1246. https:// doi. 
org/ 10. 1093/ jnen/ nlaa1 14

 17. Hojo K, Furuta T, Komaki S, Yoshikane Y, Kikuchi J, Nakamura H, Ide M, 
Shima S, Hiyoshi Y, Araki J et al (2022) Systemic inflammation caused by 
an intracranial mesenchymal tumor with a EWSR1::CREM fusion present‑
ing associated with IL‑6/STAT3 signaling. Neuropathology 43(3):244–251. 
https:// doi. org/ 10. 1111/ neup. 12877

 18. Kambe A, Kuwamoto S, Shimizu T, Amisaki H, Sakamoto M, Inagaki H, 
Kurosaki M (2021) A case of intracranial myxoid mesenchymal tumor with 
EWSR1:CREM fusion in an adult female: extensive immunohistochemical 
evaluation. Neuropathology 41:315–323. https:// doi. org/ 10. 1111/ neup. 
12740

 19. Kao YC, Sung YS, Zhang L, Chen CL, Vaiyapuri S, Rosenblum MK, 
Antonescu CR (2017) EWSR1 fusions With CREB family transcription 
factors define a novel myxoid mesenchymal tumor with predilection for 

https://doi.org/10.1097/pas.0000000000002022
https://doi.org/10.1097/pas.0000000000002022
https://doi.org/10.1136/bcr-2021-245282
https://doi.org/10.1136/bcr-2018-226455
https://doi.org/10.1136/bcr-2018-226455
https://doi.org/10.1016/j.wneu.2016.09.059
https://doi.org/10.1016/j.wneu.2016.09.059
https://doi.org/10.1093/bioinformatics/btu049
https://doi.org/10.1111/bpa.12504
https://doi.org/10.1111/bpa.12504
https://doi.org/10.1093/jnen/nlz140
https://doi.org/10.1093/jnen/nlz140
https://doi.org/10.1016/j.wneu.2020.07.225
https://doi.org/10.1016/j.wneu.2020.07.225
https://doi.org/10.1177/1066896915613433
https://doi.org/10.1177/1066896915613433
https://doi.org/10.1093/noajnl/vdab016
https://doi.org/10.1093/neuros/nyaa357
https://doi.org/10.1097/PAS.0b013e3181453451
https://doi.org/10.1093/jnen/nly039
https://doi.org/10.3892/mco.2021.2293
https://doi.org/10.7759/cureus.4261
https://doi.org/10.1093/jnen/nlaa114
https://doi.org/10.1093/jnen/nlaa114
https://doi.org/10.1111/neup.12877
https://doi.org/10.1111/neup.12740
https://doi.org/10.1111/neup.12740


Page 13 of 13Mezzacappa et al. Acta Neuropathologica Communications           (2024) 12:17  

intracranial location. Am J Surg Pathol 41:482–490. https:// doi. org/ 10. 
1097/ PAS. 00000 00000 000788

 20. Kim NR, Kim SI, Park JW, Park CK, Chung CK, Choi SH, Yun H, Park SH 
(2022) Brain parenchymal angiomatoid fibrous histiocytoma and spinal 
myxoid mesenchymal tumor with FET: CREB fusion, a spectrum of the 
same tumor type. Neuropathology 42(4):257–268. https:// doi. org/ 10. 
1111/ neup. 12814

 21. Komatsu M, Yoshida A, Tanaka K, Matsuo K, Sasayama T, Kojita Y, Kanda T, 
Kodama Y, Itoh T, Hirose T (2020) Intracranial myxoid mesenchymal tumor 
with EWSR1‑CREB1 gene fusion: a case report and literature review. Brain 
Tumor Pathol 37:76–80. https:// doi. org/ 10. 1007/ s10014‑ 020‑ 00359‑x

 22. Konstantinidis A, Cheesman E, O’Sullivan J, Pavaine J, Avula S, Pizer B, 
Kilday JP (2019) Intracranial angiomatoid fibrous histiocytoma with 
EWSR1‑CREB Family fusions: a report of 2 pediatric cases. World Neuro‑
surg 126:113–119. https:// doi. org/ 10. 1016/j. wneu. 2019. 02. 107

 23. Lemnos L, Salle H, Caire F, Duchesne M (2022) Angiomatoid fibrous histio‑
cytoma: an atypical brain location newly described as intracranial mesen‑
chymal tumor FET‑CREB fusion‑positive. Acta Neurol Belg 123(2):691–694. 
https:// doi. org/ 10. 1007/ s13760‑ 022‑ 01966‑5

 24. Levy AS, Sakellakis A, Luther E, Morell AA, Rosenberg A, Saad AG, Ivan 
M, Komotar RJ (2022) Concurrent intraventricular intracranial myxoid 
mesenchymal tumor and ependymoma in a long‑term Ewing sarcoma 
survivor. Neuropathology 42:534–539. https:// doi. org/ 10. 1111/ neup. 
12844

 25. Libbrecht S, Van Der Meulen J, Mondelaers V, Baert E, Vande Walle C, Van 
Dorpe J, Creytens D (2020) Intracranial myxoid mesenchymal tumor with 
EWSR1‑CREB1 fusion. Pathol Res Pract 216:153239. https:// doi. org/ 10. 
1016/j. prp. 2020. 153239

 26. Liu C, Liu Y, Zhao Y, Wei J, Ma Y, Liu Y, Huang J (2020) Primary intracranial 
mesenchymal tumor with EWSR1‑CREM gene fusion: a case report and 
literature review. World Neurosurg 142:318–324. https:// doi. org/ 10. 1016/j. 
wneu. 2020. 07. 015

 27. Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella‑Branger D, 
Hawkins C, Ng HK, Pfister SM, Reifenberger G et al (2021) The 2021 WHO 
classification of tumors of the central nervous system: a summary. Neuro 
Oncol 23:1231–1251. https:// doi. org/ 10. 1093/ neuonc/ noab1 06

 28. Ochalski PG, Edinger JT, Horowitz MB, Stetler WR, Murdoch GH, Kas‑
sam AB, Engh JA (2010) Intracranial angiomatoid fibrous histiocytoma 
presenting as recurrent multifocal intraparenchymal hemorrhage. J 
Neurosurg 112:978–982. https:// doi. org/ 10. 3171/ 2009.8. JNS08 1518

 29. Ozkizilkaya HI, Johnson JM, Orien BJ, McCutcheon IE, Prabhu SS, Ghia 
AJ, Fuller GN, Huse JT, Ballester LY (2023) Intracranial mesenchymal 
tumor FET::CREB fusion‑positive in the lateral ventricle. Neuro‑Oncol Adv 
5(1):vdad026. https:// doi. org/ 10. 1093/ noajnl/ vdad0 26

 30. Poyuran R, Shah SP, Kesavapisharady K, Chandrasekharan K, Narasimhaiah 
D (2022) Intracranial mesenchymal tumour with EWSR1 gene rearrange‑
ment: the first report of intracranial mesenchymal tumour with FET‑CREB 
fusion from India. Pathology 54(7):945–948. https:// doi. org/ 10. 1016/j. 
pathol. 2022. 02. 007

 31. Sasaki M, Hirono S, Gao Y, Suda I, Matsutani T, Ota M, Kishimoto T, Ikeda JI, 
Yokoo H, Iwadate Y (2022) Clinicopathological and genomic features of 
pediatric intracranial myxoid mesenchymal tumor with both of EWSR1‑
CREM gene fusion and MAP3K13 mutation: a case report and comparison 
with adult cases in the literature. NMC Case Rep J 9:101–109. https:// doi. 
org/ 10. 2176/ jns‑ nmc. 2021‑ 0385

 32. Sciot R, Jacobs S, Calenbergh FV, Demaerel P, Wozniak A, Debiec‑Rychter 
M (2018) Primary myxoid mesenchymal tumour with intracranial location: 
report of a case with a EWSR1‑ATF1 fusion. Histopathology 72:880–883. 
https:// doi. org/ 10. 1111/ his. 13437

 33. Shaikh ST, Hajra D, Singh S, Nagaraju S, El‑Maghraby H (2022) Intracranial 
myxoid mesenchymal tumour with EWSR1‑ATF1 fusion sans myxoid 
stroma ‑ report of a newer entity with brief review of literature. Neurol 
India 70:1639–1642. https:// doi. org/ 10. 4103/ 0028‑ 3886. 355080

 34. Sion AE, Tahir RA, Mukherjee A, Rock JP (2020) Cranial angiomatoid 
fibrous histiocytoma: a case report and review of literature. Surg Neurol 
Int 11:295. https:// doi. org/ 10. 25259/ SNI_ 282_ 2020

 35. Sloan EA, Chiang J, Villanueva‑Meyer JE, Alexandrescu S, Eschbacher 
JM, Wang W, Mafra M, Ud Din N, Carr‑Boyd E, Watson M et al (2021) 
Intracranial mesenchymal tumor with FET‑CREB fusion‑A unifying 
diagnosis for the spectrum of intracranial myxoid mesenchymal tumors 

and angiomatoid fibrous histiocytoma‑like neoplasms. Brain Pathol 
31:e12918. https:// doi. org/ 10. 1111/ bpa. 12918

 36. Sloan EA, Gupta R, Koelsche C, Chiang J, Villanueva‑Meyer JE, Alexan‑
drescu S, Eschbacher JM, Wang W, Mafra M, Ud Din N et al (2021) Intracra‑
nial mesenchymal tumors with FET‑CREB fusion are composed of at least 
two epigenetic subgroups distinct from meningioma and extracranial 
sarcomas. Brain Pathol 32(4):e13037. https:// doi. org/ 10. 1111/ bpa. 13037

 37. Surov A, Gottschling S, Bolz J, Kornhuber M, Alfieri A, Holzhausen H‑J, 
Abbas J, Kösling S (2013) Distant metastases in meningioma: an under‑
estimated problem. J Neurooncol 112:323–327. https:// doi. org/ 10. 1007/ 
s11060‑ 013‑ 1074‑x

 38. Tan NJH, Pratiseyo PD, Wahjoepramono EJ, Kuick CH, Goh JY, Chang KTE, 
Tan CL (2021) Intracranial myxoid angiomatoid fibrous histiocytoma with 
“classic” histology and EWSR1:CREM fusion providing insight for reconcili‑
ation with intracranial myxoid mesenchymal tumors. Neuropathology 
41:306–314. https:// doi. org/ 10. 1111/ neup. 12737

 39. Tauziède‑Espariat A, Pierron G, Guillemot D, Benevello C, Pallud J, Benza‑
koun J, Hasty L, Métais A, Chrétien F, Varlet P (2022) An extracranial CNS 
presentation of the emerging “intracranial” mesenchymal tumor, FET: 
CREB‑fusion positive. Brain Tumor Pathol 40(1):35–39. https:// doi. org/ 10. 
1007/ s10014‑ 022‑ 00443‑4

 40. Tauziede‑Espariat A, Sievers P, Larousserie F, Benzakoun J, Guillemot D, 
Pierron G, Duchesne M, Uro‑Coste E, Roux A, Vasiljevic A et al (2022) An 
integrative histopathological and epigenetic characterization of primary 
intracranial mesenchymal tumors, FET:CREB‑fused broadening the spec‑
trum of tumor entities in comparison with their soft tissue counterparts. 
Brain Pathol 32:e13010. https:// doi. org/ 10. 1111/ bpa. 13010

 41. Valente Aguiar P, Pinheiro J, Lima J, Vaz R, Linhares P (2021) Myxoid mes‑
enchymal intraventricular brain tumour with EWSR1‑CREB1 gene fusion 
in an adult woman. Virchows Arch 478:1019–1024. https:// doi. org/ 10. 
1007/ s00428‑ 020‑ 02885‑7

 42. Velz J, Agaimy A, Frontzek K, Neidert MC, Bozinov O, Wagner U, Fritz C, 
Coras R, Hofer S, Bode‑Lesniewska B et al (2018) Molecular and clinico‑
pathologic heterogeneity of intracranial tumors mimicking extraskeletal 
myxoid chondrosarcoma. J Neuropathol Exp Neurol 77:727–735. https:// 
doi. org/ 10. 1093/ jnen/ nly050

 43. Vizcaino MA, Giannini C, Chang HT, Kipp BR, Fritchie K, Vaubel R (2021) 
Intracranial angiomatoid fibrous histiocytoma with rhabdoid features: a 
mimic of rhabdoid meningioma. Brain Tumor Pathol 38:138–144. https:// 
doi. org/ 10. 1007/ s10014‑ 020‑ 00389‑5

 44. Ward B, Wang CP, Macaulay RJB, Liu JKC (2020) Adult intracranial myxoid 
mesenchymal tumor with EWSR1‑ATF1 gene fusion. World Neurosurg 
143:91–96. https:// doi. org/ 10. 1016/j. wneu. 2020. 07. 057

 45. White MD, McDowell MM, Pearce TM, Bukowinski AJ, Greene S (2019) 
Intracranial myxoid mesenchymal tumor with rare EWSR1‑CREM trans‑
location. Pediatr Neurosurg 54:347–353. https:// doi. org/ 10. 1159/ 00050 
1695

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1097/PAS.0000000000000788
https://doi.org/10.1097/PAS.0000000000000788
https://doi.org/10.1111/neup.12814
https://doi.org/10.1111/neup.12814
https://doi.org/10.1007/s10014-020-00359-x
https://doi.org/10.1016/j.wneu.2019.02.107
https://doi.org/10.1007/s13760-022-01966-5
https://doi.org/10.1111/neup.12844
https://doi.org/10.1111/neup.12844
https://doi.org/10.1016/j.prp.2020.153239
https://doi.org/10.1016/j.prp.2020.153239
https://doi.org/10.1016/j.wneu.2020.07.015
https://doi.org/10.1016/j.wneu.2020.07.015
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.3171/2009.8.JNS081518
https://doi.org/10.1093/noajnl/vdad026
https://doi.org/10.1016/j.pathol.2022.02.007
https://doi.org/10.1016/j.pathol.2022.02.007
https://doi.org/10.2176/jns-nmc.2021-0385
https://doi.org/10.2176/jns-nmc.2021-0385
https://doi.org/10.1111/his.13437
https://doi.org/10.4103/0028-3886.355080
https://doi.org/10.25259/SNI_282_2020
https://doi.org/10.1111/bpa.12918
https://doi.org/10.1111/bpa.13037
https://doi.org/10.1007/s11060-013-1074-x
https://doi.org/10.1007/s11060-013-1074-x
https://doi.org/10.1111/neup.12737
https://doi.org/10.1007/s10014-022-00443-4
https://doi.org/10.1007/s10014-022-00443-4
https://doi.org/10.1111/bpa.13010
https://doi.org/10.1007/s00428-020-02885-7
https://doi.org/10.1007/s00428-020-02885-7
https://doi.org/10.1093/jnen/nly050
https://doi.org/10.1093/jnen/nly050
https://doi.org/10.1007/s10014-020-00389-5
https://doi.org/10.1007/s10014-020-00389-5
https://doi.org/10.1016/j.wneu.2020.07.057
https://doi.org/10.1159/000501695
https://doi.org/10.1159/000501695

	Potential prognostic determinants for FET::CREB fusion-positive intracranial mesenchymal tumor
	Abstract 
	Introduction
	Materials and methods
	Tumor sample collection
	Fluorescence in situ hybridization
	Next-generation sequencing
	Genome-wide DNA methylation profiling
	Literature search
	Statistical analyses

	Results
	Case presentations
	Clinical characteristics
	Imaging characteristics
	Histological and immunohistochemical characteristics
	Genetic and epigenetic characteristics
	Treatment strategies and outcomes

	Literature search
	Clinical features
	Imaging features
	Histopathological and immunohistochemical features
	Genetic and epigenetic features
	Treatment strategies
	Outcomes


	Discussion
	Acknowledgements
	References


