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Keywords: Summary The classification of bone neoplasms composed of small round cells is experiencing a transfor-
NFATc2-EWSRI; . . . . . . .
FUS: mation after the discovery of various gene fusion rearrangements that determine diagnosis, behavior, and

response to therapy. We present herein 4 new cases of small round cell tumor of the bone that harbor
NFATc?2 rearrangements involving either EWSRI or FUS genes. We studied the clinical presentation,
pathologic features, genetics (FISH, targeted RNA sequencing) and outcome in these 4 patients. We also
reviewed the literature describing similar cases. All our patients were male. The median age at diagnosis
was 33.5 years. All tumors presented in long bones of the extremities as a large destructive mass with a
mean size of 12.5 cm. All cases were hypercellular with prominent collagenous stroma and consisted
of small to medium size round cells arranged in cords, thin trabeculae, and pseudoacinar structures. Most
cases showed focal or diffuse membrane staining for CD99; whereas S100, synaptophysin and chromo-
granin were negative. EMA showed cytoplasmic staining in one case. Genetic studies identified EWSR1-
NFATc2 fusion in 3 cases, and FUS-NFATc2 fusion in one case. Two patients were treated with neoad-
juvant chemotherapy using Ewing sarcoma regimens, and surgical excision was performed on 3 patients;
necrosis was minimal. Follow-up is limited; after a median follow-up of 8.7 months, one patient devel-
oped local recurrence and metastases to the lungs. Poorly differentiated round cell sarcoma with
EWSRI1/FUS-NFATc?2 fusions are uncommon. The tumors have consistent clinical findings, morphology,
and immunoprofile that in combination are distinctive and differ from that of Ewing sarcoma. Impor-
tantly, these tumors do not respond to Ewing sarcoma chemotherapy regimens.
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1. Introduction
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highly aggressive and often associated with the development
of disseminated disease [1,2]. During the last 2 decades, spe-
cific molecular alterations identified in these neoplasms have
allowed the creation of a new classification scheme that may
bring therapeutic benefit. Currently, the largest group of
small round cell tumors of bone is Ewing sarcoma that is
characterized by specific translocation fusion genes
EWSRI/FUS-ETS. [1,3]. Other tumors with similar but more
variable morphology and behavior have been grouped in the
so-called ‘Ewing-like’ tumors; they possess specific fusions
such as CIC-DUX4, BCOR-CCNB3, and EWSRI-NFATc2
[2-4]. To date, the information known about NFATc2 rear-
ranged bone tumors is limited to mainly single case reports
and sporadic descriptions within Ewing family series of tu-
mors many of them without clinicopathological information
[5,6]. Herein we describe the clinicopathological features of
4 new cases of malignant small round cell sarcoma of bone
that harbor EWSR1/FUS-NFATc?2 translocation gene fusions.

2. Materials and methods

Cases were identified from the surgical pathology data-
bases of the consultations of one of the authors (AER), and
Massachusetts General Hospital between January 2016 and
December 2018. Relevant clinical data was collected includ-
ing gender, age at diagnosis, location and size of tumor, im-
aging features, treatment, and follow-up.

All tumors were routinely fixed and processed, embedded
in paraffin, and stained with hematoxylin and eosin.
Formalin-fixed, paraffin-embedded (FFPE) sections of 4-
um thickness were stained with the immunohistochemistry
antibodies presented in Table 1 according to standard
technique.

2.1. Fluorescence in situ hybridization

The EWSRI-NFATc2 fusion was investigated by a dual-
color FISH assay on interphase nuclei from paraffin-
embedded 4-um-thick sections with Spectrum Green-labeled
BAC clones RP11-367E7 and RP11-480 L23 corresponding
to the EWSRI-5 region and Spectrum Red-labeled BAC clones
RP11-2 L23 and RP11-73P15 corresponding to the NFATC2-3'
region (Empire Genomics, Buffalo, NY) [7,8].

2.2. RNA extraction and sequencing

An RT-PCR assay for the EWSR1-NFATC2 fusion tran-
script was performed with an EWSRI exon 8 forward primer
(TGGGTGTTTATGGGCAGGAGTC) and an NFATC2 exon
5 reverse primer (GCTCAATGTCGGCGTTTCTAAG) to am-
plify a 573 base pair product. As a control assay, the wild-type
FOXOL1 transcript was assayed by RT-PCR with an FOXO1
exon 1 forward primer (GCAGATCTACGAGTGGATGG)
and an FOXOI exon 2 reverse primer (AACTGTGATC-
CAGGGCTGTC) to amplify a 323 base pair product. The
RT-PCR was performed with the SuperScript III One-Step
RT-PCR System with Platinum Taq DNA Polymerase (Life
Technologies, Carlsbad, CA).

Next generation sequencing studies were conducted from li-
braries prepared from nucleic acid extracted from unstained
slides or paraffin blocks from the best tumoral area. For the 3
samples from the consultation files, these were conducted fol-
lowing the FoundationOne protocol (Foundation Medicine,
Inc. Cambridge, MA). For the one sample from Massachusetts
General Hospital, the clinically validated Solid Fusion and Sar-
coma Fusion Assays used Anchored Multiplex PCR with a cus-
tom ArcherDx library (ArcherDx, Boulder, CO) followed by a
laboratory-developed algorithm to detect and annotate fusion

Table 1  Antibodies used in the immunophenotypic study of our cases

Antibody Clone Manufacturer Control Antigen retrieval Dilution Temperature (°C)
CD99 EPR3097Y Cell Marque Pancreas High pH ER2 for 30 min RTU 100
Pan CK AE1/AE3 Leica Liver Enzyme 1 for 5 min RTU 100
Syn 27G12 Leica Pancreas Er2 for 15 min RTU 100
Chr SH7 Leica Pancreas Low pH ER1 for 15 min RTU 100
S100 Polyclonal Leica Nerve Enzyme 1 for 10 min 1:800 100
EMA E29 Cell Marque Breast Er2 for 15 min RTU 100
p63 4A4 Biocare Prostate Er2 for 30 min RTU 100
Desmin DE-R-11 Leica Colon Er2 for 20 min RTU 100
SMA ASM-1 Leica Skin None RTU 100
WT1 WT49 Leica Fallopian Tube Er2 for 30 min RTU 100
ERG EP111 Dako Spleen Er2 for 40 min RTU 99
CD34 QBEND/10 Leica Tonsil Er2 for 5 min RTU 100
SATB2 EP281 Cell Marque Colon Er2 for 20 min RTU 100
INI-1 MRQ-27 Cell Marque Colon Er2 for 40 min RTU 100
Ki-67 K2 Leica Tonsil E2 [20] RTU 100

Abbreviations: Pan CK, pancytokeratin; Syn, Synaptophysin; Chr, Chromogranin EMA, epithelial membrane antigen; SMA, smooth muscle actin; WT1,

Wilms tumor 1; ;RTU, ready to use.
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Table 2  Clinical features of previously published and current report cases of EWSR1/FUS-NFATc?2 positive malignant round cell
sarcomas.
Case # First Author Year Age Gender Body site Size CT or RT/response Follow-up
) (cm)
1 Szuhai et al [14] 2009 39 Male  Humerus N/A N/A N/A
2 Szuhai et al [14] 2009 16 Male  Femur N/A N/A N/A
3 Szuhai et al [14] 2009 21 Male  Thigh soft N/A N/A N/A
tissue
4 Szuhai et al [14] 2009 25 Male  Femur N/A N/A N/A
5-6 Wang et al [15] 2012 N/A  N/A N/A N/A N/A N/A
7 Romeo et al [18] 2012 32 Male  Lower N/A N/A NED, 64 m
extremity
8 Sadri et al [19] 2014 30 Male  Femur 8.3 N/A LR, 30 m
9 Kinkor et al [20] 2014 12 Male  Femur 7 CT/No response NED, 11 m
10 Kinkor et al [20] 2014 28 Male  Femur 2 RT and CT/No response LR and lung metastases,
48 m
112 Brohl et al [28] 2014 15 Male  Femur N/A N/A N/A
12-17 Charville et al [25] 2017 N/A  N/A N/A N/A N/A N/A
18 Cohen et al [6] 2018 24 Female Calf soft tissue 6 CT/No response NED, 12 m
19-26 Baldauf et al [5] 2017 N/A  N/A N/A N/A N/A N/A
27 Toki et al [22] 2018 N/A  N/A N/A N/A N/A N/A
28 Watson et al [16] 2018 32.7 Male  Humerus N/A N/A N/A
29 Watson et al [16] 2018 12.7  Female Tibia N/A N/A N/A
30 Watson et al [16] 2018 61.5 Male  Calf soft tissue N/A N/A N/A
31 Watson et al [16] 2018 23.6 Male  Femur N/A N/A N/A
324 Watson et al [16] 2018 33.3 Male Femur N/A N/A N/A
33% Watson et al [16] 2018 49 Female Femur N/A N/A N/A
34 Watson et al [16] 2018 43.3 Male  Femur N/A N/A N/A
35 Yau et al [21] 2019 43 Male  Femur 8.5 RT and CT/No response NED, 12 m
36 Bode- Lesniewska 2019 34 Female Femur N/A CT Metastasis: Skin, 54 m,
etal [17] lung 132 m
37 Bode- Lesniewska 2019 42 Male  Tibia N/A N/A NED, 102 m
etal [17]
38 Bode- Lesniewska 2019 60 Female Abdomen N/A N/A NED, 8 m
etal [17]
394 Bode- Lesniewska 2019 12 Male  Humerus N/A N/A NED, 8 m
etal [17]
40 Wang et al [38] 2019 67 Male  Radius N/A RT and CT/10% tumor NED, 14 m
necrosis
41 Wang et al [38] 2019 32 Male  Periclavicular N/A RT and CT/90% tumor NED, 24 m
soft tissue necrosis
42 Wang et al [38] 2019 42 Male  Radius N/A RT and CT/No response AWD, 16 m
43 Wang et al [38] 2019 24 Female Calf soft tissue N/A RT and CT/10% tumor NED, 23 m
necrosis
44 Wang et al [38] 2019 42 Male  Radius N/A N/A Soft tissue and bone
metastases, DOD, 93 m
45 Wang et al [38] 2019 59 Male  Periclavicular N/A RT and CT/No response LR, NED, 144 m
soft tissue
46 Current report 2019 28 Male  Tibia 4.2 RT and CT/No response NED, 8.7 m
47 Current report 2019 39 Male  Femur 14.5 RT and CT/No response NED, 30 m
43¢ Current report 2019 28 Male  Humerus 18 RT and CT Preparing for resection
49 Current report 2019 46 Male  Femur 13.4 RT and CT/No response LR and lung metastases,

5.9 m later

Abbreviations: m: months; cm: centimeters; ;N/A, not available, NED, no evidence of disease; LR, local recurrence; CT, chemotherapy; RT, radiotherapy;

AWD, alive with disease; DOD, death of disease.

& FUS-NFATc2 case.
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transcripts [7]. Sequencing was performed on either a
MiSeq, HiSeq 4000, or NextSeq instrument (Illumina®,
San Diego CA).

3. Results

The clinical characteristics of the 45 cases previously pub-
lished and our current 4 cases (cases 46-49) are presented in
Table 2. In our series all patients were male. The median age
at diagnosis was 33.5 (range, 28-46) years. One case was
noted for “many” years, one patient had pain for 1 year,
one patient had pain for 3 months and the last patient experi-
enced pain for 1 month. There was no previous history of
trauma. All tumors arose in long bones and ranged in size
from 4.2 to 18 (mean size 12.5) cm. The tumor that was noted
for years was located on the surface of the femur and eroded
into the medullary canal and the other 3 tumors manifest as
poorly defined, lytic tumors that originated within the medul-
lary cavity, destroyed the cortex, and extended into the soft
tissues (Fig. 1). Staging studies revealed that the tumors were
non-metastatic at the time of diagnosis.

Grossly, the tumors were solid, pink-tan, and fish flesh-
like in appearance, and involved the medullary cavity and
soft tissues (Fig. 2). Histologically, the initial diagnosis was
myoepithelial carcinoma (n = 2), and Ewing-like sarcoma
(n = 2). The histomorphologic features were distinctive
(Cases 46 to 49, table 3). All of the tumors grew with an

infiltrative pattern and replaced the marrow, encased preex-
isting bony trabeculae, and percolated within Haversian sys-
tems (Fig. 3). The tumor cells were small to medium size,
round or short spindle in shape, and were arranged in small,
round to oval, sometimes pseudoacinar groups delineated by a
collagenous stroma. Other patterns included trabeculae or cords
of cells demarcated by collagen fibers. The nuclei ranged from
hyperchromatic to having fine chromatin, absent or conspicuous
nucleoli, with irregular or smooth nuclear membranes and the
cytoplasm was eosinophilic or clear. Mitoses were infrequent
in most cases; however, one case had 34 mitoses per 10 high-
power fields. A focal branching staghorn-like vascular pattern
was present in all tumors. Scattered small foci of necrosis were
present in 3 cases. In the tumor arising on the surface of the bone
a component of the neoplasm was less cellular and composed of
bland spindle cells arranged in a myxocollagneous stroma with
no mitotic activity.

3.1. Immunohistochemistry

Results are summarized in Table 3. Most of our tumors
(cases 46 to 49) showed focal or diffuse membrane staining
for CD99; whereas S100, synaptophysin and chromogranin
were negative in all cases. EMA and p63 focal staining was
documented in one case (case 42). The tumor cells were neg-
ative for pan keratin, SMA, desmin, WT1, ERG, and CD34.
SATB2 was positive in 2 of 3 cases tested. INI-1 (BAF47)
nuclear staining was retained in 2 cases tested.

Figure 1

The tumor is lytic and poorly defined (A), has low signal intensity on T1-weighted images and extends into soft tissue (B). The

tumor is centered in the medullary cavity and is soft pink-tan in appearance. Note the soft tissue component (C).
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Figure 2

Microscopically, the tumors were hypercellular with prominent eosinophilic collagenous stroma and grew with an infiltrative pat-

tern encasing preexisting bony trabeculae (A; HE original magnification x2). Tumor cells were arranged in cords, trabeculae and formed pseu-
doacinar structures (B; HE, original magnification x4), and were delineated by collage fibers (C; HE, original magnification x20). Nuclear
irregularity with inconspicuous nucleoli and eosinophilic or clear cytoplasm was present (D; HE, original magnification x40).

3.2. Molecular studies

Three cases were tested by FISH and confirmed to have
EWSRI gene rearrangements in 2 cases and FUS gene rear-
rangement in one case (Table 4). All 3 cases were also con-
firmed to have an NFATc2 break-apart rearrangement. In
one case the rearrangement was associated with amplification
of the EWSRI-NFATc2 fusion signals as previously de-
scribed [14]. The case harboring an FUS-NFATc?2 fusion
showed a polyploidy signal below the level of amplification,
while the remaining EWSRI-NFATc2 case showed no copy
gains. Targeting RNA sequencing identified EWSRI-
NFATc?2 fusion in 2 cases and FUS-NFATc2 fusion gene in
one case. Other additional genetic abnormalities in single
cases were identified, including gene fusions, such as
ACTN2-ALK, KDMG6A loss of exons 3-5, TP53-SABI1, and
FOXOI-NKAIN2, of uncertain functional significance.

Three of our four patients were treated with neo-adjuvant
therapy using Ewing sarcoma regimens, and one (case 4) was
treated post-operatively with cisplatin and adriamycin. Three
tumors underwent limb salvage resection with negative mar-
gins. One patient is recent, and the patient is being prepared
for resection. Tumor response, in the two treated patients,
represented by necrosis was poor and less than 20% in the

resection specimens. Post-surgical follow-up ranged from
5.9 to 30 (median, 8.7) months. One patient developed me-
tastases to the lung and experienced local recurrence after
5.9 m of follow-up. No patient has died from disease.

4. Discussion

Studies of fusion genes in small round cell sarcomas have
resulted in the discovery of new genetic abnormalities that
help define distinct entities. The flag bearer of this group of
tumors is Ewing sarcoma which harbors rearrangement of
EWSRI; however, this genetic abnormality is also present
in other tumor types including Ewing-like sarcoma defined
by EWSRI fusions with non-TET/ETS gene partners, myoe-
pithelial carcinoma, extraskeletal myxoid chondrosarcoma,
clear cell sarcoma, and desmoplastic small round cell tumor,
amongst others [1,2]. In this study we describe the features of
tumors with EWSRI or FUS - NFATc2 fusions.

NFATc2 function is controlled by calcium-dependent ac-
tivity of calcineurin, which dephosphorylates inhibitory
phosphate residues. This action exposes a nuclear localiza-
tion signal, thus allowing NFATc2 to traffic into the nucleus
where it interacts with the transcription factor API,
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Table 3  Histopathology and immunophenotype of previously published and current report cases of EWSR1/FUS-NFATc2 rearranged
malignant round cell sarcomas.

Case # Cell morphology Pattern Stroma Mitosis/necrosis CD99 EMA Keratin ~ Desmin S100
1 Small round cells Cords, solid Fibrous N/A + N/A - = =
2 Small round cells Cords, solid Fibrous N/A + N/A - - -
3 Small round cells Nets Fibrous N/A + N/A - - -
4 Small round cells Cords, solid Fibrous N/A + N/A - N/A -
5,6 N/A N/A N/A N/A N/A  N/A N/A N/A N/A
7 Epithelioid and Sheets Minimal N/A + + Dot-like — -
spindle cells +
8 Epithelioid clear Sheets Fibrous 8 per HPF/Present + - Dot-like  N/A -
cells +
9 Epithelioid clear Nets Fibrous Few/None + - - N/A -
cells
10 Small round cells Cords and Fibromyxoid Few/None + - - - -
trabeculae
1 N/A N/A N/A N/A N/A  N/A N/A N/A N/A
12-17 N/A N/A N/A N/A N/A  N/A N/A N/A N/A
18 Small round cells Cords and Fibromyxoid None/None + Dot-like  Dot-like — -
trabeculae + +
19-26  N/A N/A N/A N/A N/A  N/A N/A N/A N/A
27 N/A N/A N/A N/A N/A  N/A N/A N/A N/A
28-31 N/A N/A N/A N/A N/A  N/A N/A N/A N/A
32-34% N/A N/A N/A N/A N/A  N/A N/A N/A N/A
35 Small round cells Sheets Minimal >30 per + N/A Dot-like  N/A N/A
10 HPE/Present +
36 Small round cells Trabeculae Fibrous N/A + N/A - - -
37 Small round cells Nets and trabeculae Fibrous N/A + + N/A - -
38 Small round cells Trabeculae Fibrous N/A + Focal + Focal + — -
39¢ Spindle cells Trabeculae Fibrous None + + - - -
40 N/A N/A N/A N/A + Focal + Focal dot N/A N/A
41 N/A N/A N/A N/A + + N/A N/A N/A
42 N/A N/A N/A N/A + Focal + N/A N/A N/A
43 N/A N/A N/A N/A + N/A Focal dot N/A N/A
44 N/A N/A N/A N/A + + Focal dot N/A N/A
45 N/A N/A N/A N/A + + N/A N/A N/A
46 Small round cells Nets and cords Fibrous <5 per + - - - -
10 HPE/None
47 Epithelioid and Nets and cords Fibrous <5 per + Focal + — N/A -
spindle cells 10 HPEF/None
48 Epithelioid and Nets and cords Fibrous <5 per 10 HPF/ + N/A - - -
spindle cells Present
49 Epithelioid and Nests, cords Fibrous 34 per 10 HPF/ = = = = =

spindle cells

and solid areas

Present

Abbreviations: CK, pancytokeratin; EMA, epithelial membrane antigen; Des, desmin; HPF, high-power fields, and N/A, not available.
& FUS-NFATc?2 case.

composed of fos and jun proteins. The EWSRI-NFATc2 fu-
sion that corresponds to t(20;22) (q13.2;q12.2) results in a trun-
cated NFATc2 protein with loss of the first 2 exons, which
encode the regulatory region. In the absence of negative phos-
phorylation signals, NFATc?2 is thought to freely and constitu-
tively translocate to the nucleus targeting genes in homology
to the NF-kappa B proteins [8,9]. NFATc2 is involved in chon-
drogenesis, T-cell differentiation and transcriptional activation
of cytokine genes, osteoclast differentiation, cardiac valve mor-
phogenesis, and regulates myosin heavy chain gene expression
in skeletal muscle [8-10].

EWSRI and FUS are both within the FUS family of pro-
teins. Oncogenic fusions of both proteins typically combine
the N-terminal transcriptional activation domain (TAD) of
EWSRI1/FUS with the DNA binding domain (DBD) of a fu-
sion partner such as NFATc2, as in our 4 cases. The
EWSRI/FUS TADs are unstructured sequences that are
thought to activate transcription at sites of DBD chromatin
binding through the process of phase-separation, forming lo-
cal liquid-like condensates along with the Mediator coactiva-
tor at sites of transcriptional activation [11,12]. A previous
study established that the breakpoint is located in the
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One of our tumors (case 13 in the summary table) had 2 components (A; HE, original magnification x2). One area was hypocellular

and the tumor cells showed banal morphology (B; HE, original magnification x20), and the other region was hypercellular with the tumor cells
arranged in elongate nests (C; HE, original magnification x10 and D; HE, original magnification x20). The tumor cells were positive for CD99
(E, original magnification x20), and case 13 was also positive for EMA (F, original magnification x10).

NFATc2 gene 5’ region in intron 2 and intron 3, allowing for
a junction between the 3’ end of exon 8 of EWSR/ and the 5’
end of NFATc2 exon 3. The resulting fusion protein lacks the
COOH-terminal RNA binding domain of EWSR/ and the
NH2-terminal transactivation domain and regulatory domain
of NFATc2 [13].

Szuhai et al in 2009 reported the presence of NFATc?2 fusions
in 4 cases of Ewing sarcoma [13]. Subsequently, investigators
have postulated that round cell tumors with this gene fusion
should constitute a distinct clinicopathological entity [6]. To
date, 45 cases have been documented in the literature of which
24 cases (53.3%) have clinicopathological information provided
(Tables 2 and 3). Some large series of Ewing sarcoma have de-
scribed the genetic profile of EWSR1/FUS-NFATc2 tamors but
do not include clinical and/or pathologic features [14,15]. Of
the cases with known clinical information including our 4 cases,
the patients have ranged in age from 12 to 67 years, median 32.3

Table 4 Genetic alterations in our tumors.

years, and have male predominance with a M:F ratio of 5:1. The
tumors have arisen in long bones of the extremity; 14 cases in the
femur, 4 in the humerus, 3 in the tibia, and 3 in the radius. Only 7
cases of probable soft tissue origin have been documented
(Cases #3, 18, 30, 38, 41, 43, and 45). Interestingly, the patients
in several cases had symptoms for years prior to diagnosis and in
one of our cases the tumor had a component that suggested a be-
nign precursor that at the time was interpreted as representing a
benign myoepithelioma that underwent malignant transforma-
tion. Neo-adjuvant therapy using Ewing regimens was reported
in 14 cases and most had poor responses in terms of percent ne-
crosis. Twenty-three of 24 patients underwent surgical excision.
Of 19 patients with follow-up, 4 (21%) experienced local recur-
rence and 4 (21%) developed lung, cutaneous, or bone metasta-
ses after a median follow up of 23 months, range 5.9 to 144
(Table 2). Fatal outcomes have not been reported. Hopefully,
these tumors will benefit from new targeted therapeutic

Case # FISH EWSRI1/FUS fusion Additional fusions
13 EWSRI rearrangement EWSRI-NFATc2 ACTN2-ALK
14 EWSRI-NFATc2 EWSRI-NFATc2 None
15 FUS- NFATc2 FUS-NFATc2 KDMG6A loss exons 3-5, TP53-SAB1
16 EWSRI-NFATc2 EWSRI-NFATc2 FOXOI1-NKAIN2

Abbreviations: FISH, fluorescent in situ hybridization.
% FUS-NFATCc2 case.
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regimens; in vitro studies have shown that therapy against
NFATc2/calcineurin and EZH2 may be of utility [28,29].

The phenotype of EWSRI/FUS-NFATc2 tamors is un-
der study. Originally, some hypothesized it may be a type
of myoepithelial carcinoma because of the morphology,
rearrangement of EWSRI1, and expression of epithelial
markers — cytokeratin or EMA expression have been doc-
umented in 14 of 24 cases tested (58.3%) (Cases 7, 8, 13,
30, 32, 33, 34, 36, 40-45); however, this classification
has not been confirmed or excluded. The one patient of
ours that had a benign appearing precursor that resembles
myoepithelioma supports this hypothesis. EWSRI1/FUS-
NFATc2 tumors share similar immunophenotype with
other EWSRI-FLII and EWSRI-ERG tumors, almost all
cases (95.8%) known have shown expression of CD99,
also they are positive for PAX7 and NKX2.2 [6,21-25].
Recently, Koelsche et al [26] reported that EWSRI-
NFATc2 fusion small round cell sarcoma has a unique
methylation pattern that segregates it from other members
of the Ewing sarcoma family.

One tumor in our series had a FUS-NFATc?2 fusion, a find-
ing previously reported by Brohl and Watson in a large series
describing the genomic landscape of Ewing Sarcoma
[15,27]. However, no clinicopathological information was
made available until recently (cases highlighted on gray, Ta-
bles 2 and 3) [16]. FUS is well known to substitute for
EWSRI in translocation fusion genes. All additional genetic
lesions we report in our cases are felt to be secondary to the
EWSRI1/FUS-NFATc2 rearrangement and likely represent
genetic instability in these tumors [28]. KDM6A loss of exons
3-5 and a TP53-SAB1 fusion were identified in one case—
these aberrations are known to be associated with drug resis-
tance and high proliferation [29-32]. The ACTN2-ALK fusion
of actinin-2 (ACTN2) to the anaplastic lymphoma kinase
(ALK) has not been reported, nor has an ALK fusion in a
Ewing or Ewing-like sarcoma. We speculate that this is likely
active but of unclear clinical significance, as ACTN2 has a
strong N-terminal homodimerization domain, the prerequi-
site for ALK activation by fusion [33], and additionally
ALK has been reported to be expressed in a high percentage
of Ewing Sarcomas [34]. Regarding the candidate FOXO1-
NKAIN? fusion, NKAIN2 is a poorly characterized candidate
tumor suppressor gene; fusions and translocations that have
been previously reported for this protein are typically either
inactivating or out-of-frame [35]. FOXO! fusions to PAX3
or PAX7 include the FOXO!I C-terminal transcriptional acti-
vation domain (TAD), aberrantly activating PAX3/7 targets
[36]. Given the lack of the FOXOI TAD in this N-terminal
FOXO1 fusion, it is difficult to imagine a similar function
for this fusion, and we therefore speculate that this is a pas-
senger aberration.

In conclusion, EWSRI/FUS-NFATc2 fusion positive
round cell sarcomas are uncommon, have distinct morphol-
ogy, and are potentially biologically aggressive. They are im-
portant to recognize because they respond poorly to Ewing
sarcoma regimens and new forms of therapy are needed.
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