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Abstract

Tumors characterized by co-expression of S100 and CD34, in the absence of SOX10, remain
difficult to classify. Triggered by a few index cases with monomorphic cytomorphology and
distinctive stromal and perivascular hyalinization, immunopositivity for S100 and CD34, and
RAFIand NTRKI fusions, the authors undertook a systematic review of tumors with similar
features. Most of the cases selected were previously diagnosed as low-grade malignant peripheral
nerve sheath tumors, while others were deemed unclassified. The tumors were studied with
targeted RNA sequencing and/or FISH. A total of 25 cases (15 adults and 10 children) with kinase
fusions were identified, including 8 cases involving RAF1, 2 BRAF, 14 NTRK1, and 1 NTRK2
gene rearrangements. Most tumors showed a monomorphic spindle cell proliferation with stromal
and perivascular keloidal collagen, in a patternless architecture, with only occasional scattered
pleomorphic or multinucleated cells. Most cases showed low cellularity, a low mitotic count, and
absence of necrosis. Although a subset showed overlap with lipofibromatosis-like neural tumors,
the study group showed distinctive hyalinization and overt malignant features, such as highly
cellular fascicular growth and primitive appearance. All tumors showed co-expression of S100 and
CD34, ranging from focal to diffuse. SOX10 was negative in all cases. NTRK1
immunohistochemistry showed high levels of expression in all tumors with N7RKZ gene
rearrangements. H3K27me3 expression performed in a subset of cases was retained. These
findings together with the recurrent gene fusions in RAF1, BRAF, and NTRK1/2Zkinases suggest a
distinct molecular tumor subtype with consistent S100 and CD34 immunoreactivity.
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1| INTRODUCTION

Recurrent fusions involving genes encoding receptor tyrosine or cytoplasmic kinases have
been described in distinct soft tissue tumors with spindle cell morphology and fibroblastic or
neural differentiation.1=% The clinical importance of the oncogenic gene fusions involving
kinases in these tumors is twofold. First, they may serve as molecular diagnostic markers in
the classification of spindle cell sarcomas with overlapping morphology and a nonspecific
immunoprofile. Second, several of these oncogenic kinases have been shown to be
therapeutically targetable, which may potentially translate into better treatment strategies
and improved patient outcome.>8 The correlation between various kinase fusions and
different histologic subtypes is still evolving in soft tissue neoplasia and their specificity
remains uncertain. It is unclear if the presence of these kinase fusions will span across
tumors with different histologic grades or lines of differentiation.

Despite major advances in classification of soft tissue tumors with the increasing application
of genomic tools in clinical practice, some lesions remain unclassified. Especially
challenging are tumors with an ambiguous immunoprofile, such as tumors co-expressing
S100 protein and CD34, in the absence of SOX10 reactivity. Prompted by detection of RAFI
and NTRK fusions in a group of tumors with monomorphic cytomorphology and co-
expression of S100 and CD34, somewhat reminiscent of low-grade malignant peripheral
nerve sheath tumors (MPNST), we mined our pathology department and consultation files at
the contributing institutions for additional similar cases. Using a number of complementary
molecular methods for fusion discovery and detection, including targeted RNA sequencing
and FISH, we undertook a detailed pathologic characterization of a group of tumors sharing
gene rearrangements in RAF1, BRAF, NTRK1, and NTRKZ, which were previously labeled
as MPNST or placed in the unclassified spindle cell sarcoma category.

2| MATERIALS AND METHODS

2.1| Cases

The study was triggered by 2 index cases with RAF1 or NTRK fusions which showed
similar morphologic features and an identical immunoprofile of S100 and CD34 positivity.
Thus the selection criteria were based on the light microscopic features of these index cases
showing uniform spindle cell phenotypes with patternless architecture and band-like,
keloidal stromal, and perivascular deposition of compact collagen. An immunoprofile of
S100/CD34 co-expression, while lacking SOX10 staining, was also required for inclusion in
the series. Using these strict criteria, a series of 20 cases of predominantly monomorphic,
spindle cell tumors were selected from our archival and consultation files. Database searches
were performed focusing on a previous diagnosis of low-grade or intermediate-grade
MPNST or unclassified atypical/low-grade spindle cell tumors with co-expression of S100
and CD34 markers. Three additional cases were identified based on the presence of a kinase
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fusion positive result, and subsequently included in the series as showing a similar
morphologic spectrum and immunoprofile. An H3K27me3 was performed in a subset of
cases with increased cellularity, mimicking MPNST. All confirmed cases had material for
further molecular investigation. Medical charts were reviewed when available to exclude a
history of NF1. Prototypical high-grade sarcomas or high-grade MPNSTs with high mitotic
count, geographic areas of necrosis, and loss of H3K27me3 were excluded, as were MPNST
cases associated with NF1 or previous radiation. A high-power field (HPF) was defined at
x400 magnification (0.237 mm? field of view) using an Olympus BX51 microscope
(Olympus, Tokyo, Japan) with a standard eyepiece of 22 mm diameter. None of the tumors
showed evidence of a pre-existent benign peripheral nerve sheath tumor.

2.2 | Immunohistochemistry

Immunohistochemistry for CD34, S100, and SOX10 expression was performed in all
selected cases, using previously described method.2 In tumors with N TRK-related fusions,
IHC staining for TrkA (NTRK1) was performed on 12 of the 14 NTRKI-rearranged tumors,
mostly in retrospect after the identification of the positive results by FISH/RNA sequencing.
We used a commercially available TrkA rabbit monoclonal antibody, clone EP1058Y
(Abcam, Cambridge, MA) at a dilution of 1:1500. H3K27me3 expression was examined in
morphologically malignant tumors, with a cellular fascicular growth. Staining was
performed on a Leica-Bond-3 (Leica, Buffalo Grove, IL) or a Ventana Benchmark (Ventana
Medical Systems, Tucson, AZ) automated immunostaining platform using a heat-based
antigen retrieval method and high-pH buffer.

2.3| Targeted RNA sequencing

Three cases were analyzed by targeted RNA sequencing (Table 1). RNA was extracted from
FFPE tissue using Amsbio’s ExpressArt FFPE Clear RNA Ready kit (Amsbio LLC,
Cambridge, MA). Fragment length was assessed with an RNA 6000 chip on an Agilent
Bioanalyzer (Agilent Technologies, Santa Clara, CA). RNA-seq libraries were prepared
using 20-100 ng total RNA with the Trusight RNA Fusion Panel (Illumina, San Diego, CA).
Targeted RNA sequencing was performed on an Illumina MiSeq platform. Reads were
independently aligned with STAR (version 2.3) against the human reference genome (hg19)
and analyzed by STAR-Fusion.

2.4] Anchored multiplex RNA sequencing (Archer DX)

One case was studied by Anchored Multiplex RNA sequencing assay, the detailed procedure
of which has been previously described.? Unidirectional gene-specific primers were
designed to target specific exons in 62 genes known to be involved in oncogenic fusions in
solid tumors. In brief, RNA was extracted from formalin-fixed paraffin-embedded (FFPE)
specimens, followed by cDNA synthesis and library preparation. Anchored Multiplex
polymerase chain reaction amplicons were sequenced on Illumina Miseq, and the data were
analyzed using the Archer software.
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2.5| Fluorescence in situ hybridization

All cases were tested by FISH for RAFI, BRAF, NTRKI1, NTRK2, MET, and RET gene
abnormalities. For NTRKI-rearranged cases, we additionally used available BAC probes
spanning or flanking LMNA, TPR, and TPM3 genes.? Custom probes were made by
bacterial artificial chromosomes (BAC) clones flanking the genes of interest according to
UCSC genome browser (http://genome.ucsc.edu) and obtained from BACPAC sources of
Children’s Hospital of Oakland Research Institute (Oakland, CA; http://bacpac.chori.org)
(Supporting Information, Table S1).# DNA from each BAC was isolated according to the
manufacturer’s instructions. The BAC clones were labeled with fluorochromes (fluorescent-
labeled dUTPs, Enzo Life Sciences, New York, NY) by nick translation and validated on
normal metaphase chromosomes. The 4-um-thick FFPE slides were deparaffinized,
pretreated, and hybridized with denatured probes. After overnight incubation, the slides were
washed, stained with 4”,6-diamidino-2-phenylindole, mounted with an antifade solution, and
then examined on a Zeiss fluorescence microscope (Zeiss Axioplan, Oberkochen, Germany)
controlled by Isis 5 software (Metasystems).

3| RESULTS

3.1| Tumors having overlapping histologic features with distinctive stromal keloidal and
perivascular collagen deposition show recurrent RAF1, BRAF, and NTRK1/2
rearrangements

The study cohort was defined by a histologic spectrum of monomorphic spindle cell
phenotype with distinctive stromal and perivascular band-like hyalinization, typically
arranged in a patternless fashion with an occasional/focal component of pleomorphic or
multinucleate cells. The tumors revealed a variable degree of cellularity, most displaying a
low cellularity and low mitotic count, but a subset showing clearly malignant features, with
hypercellularity, fascicular growth, and increased mitotic activity. All tumors showed S100
and CD34 co-expression, ranging from patchy/multifocal to diffuse and strong, but were
consistently negative for SOX10. The overall molecular findings identified 8 cases positive
for RAF1, 2 with BRAF, 14 for NTRK1, and 1 for NTRKZ gene rearrangements (Table 1).

3.2| RAF1 and BRAF fusion-positive tumors

Among the 8 RAFI-positive tumors, 2 presented in children (2 and 10 years of age) and 6
occurred in adult patients (age range 27-67 years). Both sexes were affected (5 females and
3 males). Five tumors were located on the trunk, one intra-abdominal (which involved
stomach and pancreas), one visceral (rectum), and one extremity. The two BRAFpositive
tumors were located in the palm of the hand of a 48-year-old female and the thigh of an 18-
year-old female. Microscopically, all except one of the RAF1/ BRAF fusion-positive tumors
showed an infiltrative growth pattern within subcutaneous fat, skeletal muscle, and viscera.
The tumors showed predominantly bland spindle morphology with a patternless architecture
and scant mitotic activity. A striking feature was the pattern of stromal collagen deposition,
which included keloidal bands and perivascular rings, encountered in 9/10 tumors (Figures 1
and 2). However, the tumors in this genetic group spanned a morphologic spectrum. At one
end of the spectrum were tumors with atypical or low-grade features, characterized by low
cellularity, mostly monomorphic cytology, and low mitotic activity. At the opposite end of
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the spectrum were cases with an overtly malignant phenotype, showing marked increased
cellularity, moderate increased mitotic activity, but lacked necrosis. Six RAF1 BRAF
rearranged tumors had pure low-grade morphology with low cellularity and abundant
collagenous stroma, and a low mitotic count (1-2 MF/10 HPFs) and lacked necrosis. One
tumor each with RAF1/BRAF gene abnormalities (case 1 and 10) showed hybrid
morphology, with low-grade areas that were mostly sharply demarcated from areas of
increased cellularity and fascicular growth (Figures 1 and 2). The latter component was
composed of primitive monomorphic spindle cells with scant cytoplasm and fusiform nuclei,
with scant collagenous stroma, which in a three-tier grading system would fit best as an
intermediate histologic grade sarcoma. Two additional cases showed increased cellularity
and a moderate increase in mitotic activity (5-7 MF/10HPFs, cases # 6, 8; Table 1). None of
the tumors from the RAF1/ BRAFpositive group showed the presence of lipofibromatosis-
like areas, while focal pleomorphic or multinucleated cells were present in only one of the
BRAF-rearranged cases (case 9, Figure 2).

Follow-up was available in 6 of the 10 cases. Among the 6 cases with low cellularity/pure
low-grade tumors, follow-up was available in half of them; 2 patients were with no evidence
of disease (NED) and 1 had persistent local disease in the hand after 22 months follow-up
(case 9), as it was originally excised with positive margins (Table 1). From the 4 cases with
malignant phenotype (increased cellularity and mitotic activity), follow-up was available in
3 cases, showing 2 patients with NED after 9 and 25 months, respectively. The latter patient
(case 8) had an initial incomplete resection, followed by re-excision and radiation therapy.
The third patient (Case 1), a 67-year-old female with a large 15 cm upper intra-abdominal
mass, infiltrating stomach and pancreas, developed numerous lung, liver, and intraperitoneal
metastases and was alive with disease after 7 months follow-up. This tumor was also the
only case from the entire cohort which showed focal areas of heterologous chondroid matrix
deposition (Figure 1).

The 3 RAFI-positive tumors studied with an RNAseq platform revealed 3 different gene
fusion partners, including PDZRN3, SLMAP, and TMF1, all being located on chromosome
3 (Table 1). In the 2 cases tested, targeted RNA sequencing identified an in-frame fusion of
RAFIexon 8 to either PDZRN3exon 5 or SLMAPexon 10 (on p25.2), respectively (Figure
3). In case #1, PDZRN3 (3p13) and RAFI (3p25.2) genes shared the same direction of
transcriptions, the fusion resulting from a t(3;3)(p13;p25) translocation. In case#2, SLMAP
gene (3p14.3) was in opposite direction of transcription to RAF1, thus the fusion was the
result of an intrachromosomal inversion. The predicted fusion oncoproteins included the
kinase domain of RAFI, encoded by exons 8-17 (Figure 3). Interestingly, by unsupervised
hierarchical clustering using the same platform of targeted RNA sequencing data of more
than 100 various soft tissue tumors, these two RAFI-rearranged tumors clustered closely to
a BRAF-rearranged pediatric fibrosarcoma, described in an earlier report by our group*
(Figure 3). Among the various soft tissue tumor types included on the RNAseq platform are
small blue round cell tumors with various gene fusions, infantile fibrosarcomas, synovial
sarcomas, angiosarcoma, dermatofibrosarcoma protuberans, solitary fibrous tumors,
ossifying fibromyxoid tumors, and unclassified sarcomas, NOS.
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3.3| NTRK-rearranged spindle cell tumors encompass a histologically diverse spectrum
spanning low and high cellularity

There were 14 tumors with NTRKI rearrangements and one with NTRKZ2-related fusion
(Table 1). Eight NTRKI-rearranged tumors presented in pediatric patients younger than 18
years of age (range 3-17, mean 11.3), whereas six tumors occurred in adults (age range 26—
61 years). Two tumors originated in the jawbones, one in the mandible and the other in the
maxilla. Twelve tumors were soft tissue tumors, located in the extremities (7= 8), trunk (n=
3), or stomach (1 case). There was no gender predilection (8 males and 6 females). Overall
the NTRK1 group showed significant morphologic and IHC overlap with the tumors
showing RAFIand BRAFI gene abnormalities, described above. Similarly, NTRK1-
rearranged spindle cell tumors could roughly be divided in two groups. At one end of the
spectrum, 12 cases were composed of low cellularity, predominantly monomorphic spindle
cell proliferation with haphazardly growth. Within this lower grade group, 9 tumors had
distinctive patterns of keloidal stromal collagen deposition and perivascular hyalinized rings
(Figure 4). Three tumors had areas with scattered pleomorphic and multinucleate tumor cells
(Figure 4). Four superficially located tumors showed reticular infiltration of subcutaneous
fat, a morphology somewhat reminiscent of lipofibromatosis-like neural tumor (Figure 4).
The mitotic index of these tumors was low, ranging 1-5 MF/10 HPFs. At the other end of
the spectrum, three NTRKZ rearranged spindle cell sarcomas were composed of cellular
fascicular areas, with >10 MF/10 HPFs and lacked necrosis, which would correspond to an
intermediate histo-logic grade category. One of these 3 lesions showed a sharply demarcated
area of low grade morphology (Figure 4). Similar to RAF1/ BRAF fusion-positive tumors, all
NTRKI-positive tumors showed co-expression of CD34 and S100. In addition, these tumors
diffusely expressed TRK-A in all 12 cases analyzed (Figure 4).

Clinical follow-up in this group was available in 8 of the 15 total patients from the NTRK1/2
molecular group. Of the 11 low-grade lesions, follow-up was available in 5, all being NED
after a median of 16 months (range 3-648 months, mean 165). One of these patients
developed local recurrence and was subsequently treated with resection and radiation
therapy, and is NED for 144 months (case 12). From the remaining 4 patients with a
malignant phenotype (increased cellularity and/or increased mitotic activity), 3 had follow-
up information showing an aggressive clinical course with development of distant metastases
to the lung and other locations (Table 1, cases#14, 15, and 20).

The most common N7RK1 fusion partner was LMNA gene present in 8 (57%) of 14 cases,
followed by a 7TPM3-NTRK1 fusion identified in 3 (21%) cases (Table 1). One of these
cases were also validated by Archer DX, showing an in-frame fusion between 7PM3exon 8
and NTRKZ1 exonl0, preserving the kinase domain (Supporting Information, Figure S1).
Only one case showed a TPR-NTRK1 gene fusion. In 2 cases, no NTRKI gene partner
could be identified by FISH testing. None of the tumors in this series harbored MET or RET
gene rearrangements.

One case showed the presence of a SPECC1L-NTRK?Z fusion by targeted RNA sequencing,
which was further confirmed by FISH NTRKZ2 break-apart assay (Figure 5). The tumor was
associated with high levels of NTRKZ mRNA expression, compared to other tumor types.
The lesion occurred in a 20-year-old male with a forearm mass; the patient had a history of
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severe trauma to the arm 1 year prior. Microscopically, the tumor had a similar morphologic
appearance to all the other kinase fusion variants, of a low cellularity spindle cell tumor with
a haphazard growth pattern, composed of mostly uniform cytomorphology and scattered
plumper cells with enlarged and multilobated nuclei with smudgy chromatin. Distinctive
stromal and perivascular thick, band-like collagen was also noted. The tumor also showed a
focal lipofibromatosis-like component within the subcutaneous fat. The tumor showed
diffuse reactivity for S100 and CD34, retained H3K27me3 expression and was negative for
SOX10.

4| DISCUSSION

In this study, we describe the clinicopathologic and molecular features of a series of 25
spindle cell neoplasms with recurrent RAF1, BRAF, and NTRK1/2 gene rearrangements.

This is the first report of RAFI gene fusions in soft tissue tumors. RAF1 is a member of the
RAFfamily of signaling kinases, downstream of RAS, which activate the MEK-ERK
pathway that promotes cell proliferation and survival. Isolated examples of RAFI fusions
have been reported in various epithelial malignancies, such as prostate, breast, thyroid, and
pancreas, 10 as well as in a group of pediatric low-grade gliomas.1! RAFI-related fusions,
such as BRAF gene fusions have been reported in similar tumor types, for example, thyroid
cancer and melanoma.12-14 In addition, BRAF gene rearrangements have been described
recently in a subset of spindle cell sarcomas, morphologically resembling infantile
fibrosarcomas.* In that study, we identified 3 children, ranging from 6 months to 16 years
old, with tumors occurring in the abdominal cavity (1 retroperitoneum and 2 pelvic). The
morphologic appearance was characterized by primitive monomorphic spindle cells arranged
in long, intersecting fascicles, associated with a variable hemangiopericytoma-like vascular
pattern. The tumors showed no specific line of differentiation by immunohistochemistry,
with only focal SMA reactivity seen in 2 cases tested. From the publicly available
expression data, neither BRA~fusion-positive carcinomas nor sarcomas appeared to be
associated with BRAF mRNA upregulation.

Other established examples of recurrent kinase gene rearrangements in spindle cell tumors
are ETV6-NTRKS3fusions in infantile fibrosarcomas (IFS), sarcomas that typically present
at birth or in the first 2 years of life.1 Moreover, recurrent variant N7RK1 fusions have been
detected in the so-called lipofibromatosis-like neural tumors, which is another group of
pediatric and young adult lesions, that, by immunohistochemistry (IHC), often co-express
CD34 and S100 (but not SOX10), suggesting neural differentiation.? Lipofibromatosis-like
neural tumors are characterized by a highly infiltrative growth pattern within adipose tissue,
which can be difficult to distinguish from typical lipofibromatosis. In addition, four of our
NTRKI-fusion-positive tumors with low-grade histology showed focal areas resembling
lipofibromatosis. The exact relationship between this latter entity and the recent cohort of
cases remains uncertain. Lipofibromatosis-like neural tumors share a similar immunoprofile,
but typically lack overt malignant features and the distinctive band-like stromal or
perivascular hyalinization present in this study, and so far have been related only to NTRKZ
gene fusions. Moreover, similar N7RKI-related fusions, including LMNA and 7PM3 gene
partners, have been reported by Haller et al. in 4 tumors characterized by a prominent
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myopericytic/hemangiopericytic pattern. In contrast to our cases, only 1 tumor was
immunopositive for CD34, while S100 protein was not reported.1® Although these tumors
belong to the spectrum of spindle cell sarcomas with kinase fusion genes, we did not discern
these growth patterns in any of the cases in this cohort.

A STRN-NTRK?Z fusion variant was reported in one pediatric patient with soft tissue
sarcoma, although the exact morphologic features remain unclear.816:17 The case showed a
transcript composed of S7TRN exon 15 fused to NTRKZexon 4. We found an additional case
in this study cohort displaying low cellularity and fibrotic stroma occurring in a 20-year-old
male in the forearm, harboring a SPECC1L-NTRKZ fusion (Figure 5) resulting from a
1(9;22)(q21.33; q11.23) trans-location. The fusion retains the NTRK2 kinase domain in the
predicted oncoprotein and shows high levels of MRNA overexpression compared to other
sarcoma types.

Although the RAF1, BRAF, and NTRK1/2-rearranged tumors showed morphologic and
immunophenotypic features suggestive of MPNST, the current series harbor certain
differences from the prototypical low-grade and high-grade MPNST, in particular with
respect to clinical context and IHC features. A diagnosis of low-grade MPNST is usually
considered in tumors arising in patients with neurofibromatosis (NF1), representing
malignant transformation in a pre-existent neurofibroma. Arbitrary consensus criteria on
how to diagnose low-grade MPNST in this context were proposed recently.1® Importantly,
low-grade MPNST contains numerous S100-positive and SOX10-positive Schwann cells,
while losing most of the intermixed CD34-positive fibroblastic framework stroma, which is
typically retained in the preexistent neurofibroma component. In contrast, our study group
with low-grade morphology showed co-expression of S100 and CD34, and consistently
lacked SOX10 reactivity. Furthermore, none showed a neurofibroma component or had a
history of NF1. On the other hand, high-grade MPNST can be sporadic, NF1-associated, or
occur in the field of prior radiation. Up to 40% of high-grade MPNST focally express nerve
sheath markers $100 and GFAP, and about 50% show focal nuclear SOX10 expression. 19
The large majority of high-grade MPNST shows diffuse loss of trimethylation of H3K27,
which remains a useful diagnostic IHC marker.20-21 Notably, the NTRKZ and RAF1/ BRAF
rearranged tumors with increased cellularity and fascicular growth in this series were
positive for S100 and CD34, negative for SOX10, and retained H3K27me3 expression. A
somewhat controversial entity is the so-called “fibroblastic MPNST,” a tumor that also
shows co-expression of CD34 and $100.22:23 Mills et al.22 described three uterine sarcomas,
two of which presented in women under the age of 35 years, and which they designated
endocervical fibroblastic MPNST. These tumors were composed of spindle cells with a
cellular fascicular, storiform, and whorled architecture. The high-grade microscopic features
of these sarcomas translated into biologic behavior, with one tumor that recurred locally and
one that developed distant metastases. In the case report by Houreih et al.,23 a 11 cm
retroperitoneal tumor occurring in a 29-year-old male was composed of monomorphic
spindle cells with patternless and fascicular architecture, with distinctive perivascular
hyalinization and stromal collagen rosettes, matching quite well the findings of many of the
low-grade MPNST-like tumors in our study group. It remains to be determined if cases
previously designated as “fibroblastic MPNST” would be reclassified genetically as having
NTRK1/2or RAF1BRAF gene fusions.
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Two spindle cell neoplasms in our cohort had BRAF rearrangements. BRAF fusions have
also been reported in IFS-like sarcomas.? Interestingly, by whole transcriptome analysis, two
of the RAFI-rearranged tumors in this series clustered with one of the BRAF rearranged
IFS-like pediatric tumors. Fascicular spindle cell sarcomas with NTRK1 rearrangements and
similar fibrosarcoma-like morphology have been described in soft tissue and uterus in
previous publications from our group.#24 Given these observations, it seems reasonable to
assume that RAF1/ BRAFand NTRK1 kinase fusion-associated tumors, including the
lesions from the present series and the IFS-like, might be closely related.

The histology of the tumors in the current series, with patternless growth and stromal and
perivascular collagen bands, is somewhat reminiscent of solitary fibrous tumor (SFT).
However, grossly, SFT is a well-demarcated and encapsulated tumor, whereas NTRK1/2and
RAFI1/ BRAFrearranged tumors infiltrate subcutaneous fat or skeletal muscle fibers. By
IHC, SFT is positive for CD34 in the majority of cases, but lacks S100 expression.
Moreover, nearly all SFT have a NMAB2-STAT6 fusion?® and STATS is a highly sensitive and
specific IHC marker for SFT.26:27 Other bland fibroblastic spindle cell tumors with collagen
bands and perivascular collagen deposits and diffuse CD34 expression include cellular
angiofibroma, mammary-type myofibroblastoma, and spindle cell lipoma, three tumors
which are histogenetically related, as they all have abnormalities in 13g14, leading to loss of
Rb1.28 All these CD34 fibroblastic tumors are S100 protein negative.

Clinical follow-up, albeit limited, clearly emphasized that tumors with a malignant
phenotype, defined by increased cellularity and mitotic activity, have the propensity for
distant spread and follow an aggressive clinical course. In this respect, two recent clinical
studies®17 demonstrated promising sensitivity of various malignancies with 7RK fusions to
Larotrectinib, a highly selective small molecule TRK inhibitor. One of the studies included 7
patients with infantile fibrosarcoma and 11 patients with other soft tissue sarcomas in
advanced stage.® Detailed histology was not available, but the tumors had been diagnosed as
spindle cell sarcoma, NOS, MPNST, myopericytoma/myofibroma, and inflammatory
myofibroblastic tumor. Most of the sarcoma patients had a (durable) partial response,
whereas only few had a complete response. Although tumor response was not related to
TRK fusion type or cancer type, the longest response (27 months) was observed in a patient
with an LMNA-NTRK1 fusion-positive undifferentiated sarcoma that had metastasized to
the lung.2°

In conclusion, we describe a series of spindle cell tumors resembling low- to intermediate-
grade MPNST, occurring in both children and young adults, in various anatomic sites
(including bone, soft tissue, and viscera) and harboring recurrent gene fusions in various
kinases, such as RAF1, BRAF, NTRK1, and NTRK2. Regardless of the different fusion
variants, most tumors showed a monomorphic spindle cell histology, patternless growth, and
distinctive band-like stromal hyalinization and perivascular collagen rings. Our findings
suggest that these kinase fusions may define a novel tumor entity with RAF1, BRAF, and
NTRK1/2fusions. However, despite rather uniform morphology and immunoprofile, the
various genotypes span a broad spectrum of clinical behavior, with tumors of low cellularity
showing an indolent course, while others with increased cellularity and mitotic activity being
prone to distant metastasis and death from disease, based on our limited follow-up available.
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These tumors should be distinguished from prototypical MPNST lesions, which often occur
in the setting of NF1 or prior radiation, as they may be amenable to targeted therapy. Our
results add this novel subtype to the growing list of soft tissue tumors characterized by
oncogenic kinase activation through gene fusions. Furthermore, NTRK1
immunohistochemistry appears to be a sensitive method to select this subset of tumors with
NTRKI gene rearrangements.
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FIGURE 1.
Histologic and immunohistochemical features of RAFI-fusion-positive tumors. A,B, Deep

seated paraspinal tumor in a 45-year-old female showing a moderately cellular haphazardly
arranged spindle cell proliferation with prominent stromal hyaline collagen bands (case 4; A,
x40) and perivascular collagen rings (B; x200); C, D. Chest wall tumor in a 59-year-old
male showing monomorphic spindle cells streaming along bands of collagen (case 8; C;
x200) or containing scattered lymphocytes (D; x200); E,F, A large intra-abdominal sarcoma
infiltrating into pancreas and gastric wall in a 67-year-old female showing cellular fascicles
of hyperchromatic spindle cells with foci of heterologous cartilage (case 1; E; x40) and
distinctive perivascular rings of collagen (F; x200); immunohistochemistry performed in the
same case showing multifocal weak S100 (G, x100) and more diffuse, strong CD34 staining
(H, x100)
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FIGURE 2.
Histologic and immunohistochemical features of tumors with BRAF gene rearrangements.

A, Low cellularity lesion occurring in the hand soft tissue of a 48-year-old female showing a
patternless growth of monomorphic spindle cells separated by “amianthoid-like” stromal
collagen and perivascular rings. B, Same case showing focal areas with pleomorphic and
multinucleate cells (case 9, x200); C,D, A deep-seated thigh mass in a 18-year-old female
showing hybrid low and increased cellularity with abrupt transition (case 10); the lower
grade component showed typical perivascular dense hyalinization (C; x100), while the
cellular areas revealed primitive spindle blue cells arranged in short, intertwining fascicles
(D; x200); E,F, Immunohistochemistry performed on the same case showed patchy S100
staining (more pronounced in the low-grade areas) (E; x200), while CD34 showed a more
diffuse pattern in both components (F; x40)
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FIGURE 3.
RAFI gene fusion structures and molecular correlates. A, Diagrammatic representation of 2

RAFI1 fusions variants by targeted RNA sequencing. Case 1 (upper level) showing a £3;3)
translocation, with the 2 gene partners PDZRN3on 3p13 and RAFIon 3p25.2having the
same directions of transcriptions (illustrated by arrows). In contrast, case 2 (lower level)
shows the 2 gene partners RAFI and SLMAP (3p14.3) are in opposite directions of
transcriptions; their fusion is a result of an intrachromosomal inversion (demonstrated by
arrows). B, RNAseq reads revealed exon 8 of RAFI fused in frame to exon 5 PDZRN3 (case
1, upper panel) or with exon 10 of SLMAP (case 2, lower panel). The predicted fusion
oncoproteins in both cases included the kinase domain of RAF1, encoded by exons 8-17
(illustrated by blue bar, Pkinase_Tyr). C, Unsupervised hierarchical clustering using the
same platform of targeted RNA sequencing data showed that these 2 RAFI rearranged
sarcomas (red branch, SL MAP-RAFI; light-blue; PDZRN3-RAFI) clustered closely to a
BRAF rearranged pediatric fibrosarcoma (dark-blue), reported previously by our group,* as
compared to more than 100 various soft tissue tumors. D, FISH showing RAF1 gene break-
apart signal (case 8, red, centromeric; green; telomeric)
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FIGURE 4.
Histologic and immunohistochemical features of NTRKI-rearranged tumors. A, Low

cellularity maxillary bone tumor in a 13-year-old male showing haphazardly arranged bland
spindle cells with striking perivascular rings of collagen (case 11, x100). B, Tumor with
increased cellularity in a 61-year-old female with a large pre-tibial deep soft tissue tumor
showing short fascicles with interspersed band-like collagen (case 14; x200). C, Superficial
thigh mass in a 77-year-old female showing focal areas reminiscent of lipofibromatosis (case
22, x40). D, Low cellularity thigh mass in a 15-year-old female showing abundant stromal
band-like collagen (case 18, x200). E,F, Immunohistochemical studies showing diffuse S100
and CD34 positivity (case 11; x100). G, NTRK1 strong and diffuse immunoreactivity (case
18, x100). H, FISH fusion assay shows the red signal (telomeric 5’ - 7PM3) comes together
with the green signal (telomeric of 3'- NTRKI), while the orange signal (centromeric 5’-
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NTRK1I) breaks away from its green telomeric part, in keeping with a 7TPM3-NTRK1 fusion
(case 21)
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SPECCI1L-NTRK?Zfusion structure and molecular correlates (case 25). A, Diagrammatic
representation of SPECCIL on 22q11.23 fused to N7RKZ2on 9921.33 (arrows show
direction of transcription). B, RNAseq reads identified a fusion transcript composed of exon
17 of SPECCIL fused to exon 16 of NTRKZ. Protein domains depiction of each gene
showing the predicted fusion oncoprotein contains the kinase domain of NTRK2 (purple). C,
FISH confirming the break-apart signal of NTRK2 (red, centromeric; green telomeric). D,
Significant upregulation of NTRKZ2 mRNA expression (red bar, case 25), compared to other
sarcoma types available on the same targeted RNA sequencing platform
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