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Spindle cell rhabdomyosarcomas: With TFCP2 rearrangements, and novel EWSR1::ZBTB41
and PLOD2::RBMé6 gene fusions. A study of five cases and review of the literature

searched for relevant peer-reviewed English reports.
Five cases of SS-RMS were found. Three cases were

Aims: Spindle-cell/sclerosing rhabdomyosarcomas
(SS-RMS) are clinically and genetically heteroge-

neous. They include three well-defined molecular sub-
types, of which those with EWSRI1/FUS::.TFCP2
rearrangements were described only recently. This
study aimed to evaluate five new cases of SS-RMS
and to perform a clinicopathological and statistical
analysis of all TFCP2-rearranged SS-RMS described in
the English literature to more comprehensively char-
acterize this rare tumour type.

Methods and Results: Cases were retrospectively
selected and studied by immunohistochemistry, fluo-
rescence in situ hybridization with EWSR1/FUS and
TFCP2 break-apart probes, next-generation sequencing
(Archer FusionPlex Sarcoma kit and TruSight RNA
Pan-Cancer Panel). The PubMed database was

TFCP2 rearranged SS-RMS, having FUSex6::TFCP2ex2
gene fusion in two cases and triple gene fusion EWS-
Rlex5:TFCP2ex2, VAX2ex2::ALKex2 and VAX2in-
tron2::ALKex2 in one case. Two cases showed
rhabdomyoblastic differentiation and spindle-round
cell/sclerosing morphology, but were characterized by
novel genetic fusions including EWSRIex8::
ZBTB41ex7 and PLOD2ex8::RBMé6ex7, respectively. In
the statistical analysis of all published cases, CDKN2A
or ALK alterations, the use of standard chemotherapy
and age at presentation in the range of 18—24 years
were negatively correlated to overall survival.

Conclusion: EWSR1/FUS:: TFCP2-rearranged SS-RMS
is a rare rhabdomyosarcoma subtype, affecting
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predominantly young adults with average age at pre-
sentation 34 years (median 29.5 years; age range 7—
86 years), with a predilection for craniofacial bones,

Keywords: ALK, CDKN2A/B, epithelioid, EWSR1, FUS,
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rapid clinical course with frequent bone and lung
metastases, and poor prognosis (3-year overall sur-
vival rate 28%).

intraosseous, molecular genetics, MyoD1, PLOD2,
RBM6, rhabdomyosarcoma, spindle cell, TFCP2, ZBTB41

Introduction

Rhabdomyosarcomas (RMS) are malignant tumours
with rhabdomyoblastic differentiation represented
by a spectrum of cell phenotypes. Immunohistochem-
istry (IHC) using the myogenic nuclear regulatory
proteins MyoD1 (MYF3) and myogenin (MYF4) with
variable desmin expression across RMS subtypes is
essential to achieve a diagnosis of RMS.! Most
recently, PAX7 has been described as a sensitive THC
marker for skeletal muscle differentiation.’

RMS are divided into four basic types according to
the latest 5th edition of the WHO classification of soft
tissue and bone tumours,” which includes embryonal
RMS, alveolar RMS, pleomorphic RMS, and spindle
cell/sclerosing RMS (SS-RMS).*

SS-RMS was first described as a histological subtype
of embryonal RMS, but since the 2013 the WHO
classification of soft tissue and bone tumours, they
have been classified separately.’® Over the years, it
became obvious that SS-RMS is genetically and clini-
cally very heterogeneous. As of today, three well-
defined molecular subtypes are recognized, including
(i) congenital spindle cell RMS with VGLL2/NCOA1/
NCOA2 or CITED2 gene rearrangements,’® (ii)
MYOD1-mutant spindle cell/sclerosing RMS,” % and
(iii) spindle cell RMS with TFCP2 rearrangements.'>”
1> However, very recent studies have reported addi-
tional potential molecular subtypes, including cases
with  both NCOA3 as well as VGLL3
rearrangements.'® % A subset of SS-RMS usually
harbouring EWSR1/FUS::TFCP2 or MEIS1::NCOA1/2
gene fusions shows a strong predilection for primary
bone involvement.®

EWSRI1/FUS:: TFCP2 rearranged SS-RMS were first
described by Watson et al.'> They show spindle to
epithelioid morphology, tend to affect craniofacial
bones, especially the jaws of young adults, and are
often associated with a rapid clinical course, resis-
tance to adjuvant treatment, and poor prognosis.

In this study we aimed to analyse five cases of SS-
RMS using targeted DNA and RNA sequencing. In
addition, we collected and statistically analysed clinico-
pathological and molecular genetic data of all TFCP2-

© 2023 John Wiley & Sons Ltd., Histopathology, 84, 776-793.

rearranged SS-RMS cases described in the English liter-
ature to better characterize this rare entity.

Materials and Methods

CASE SELECTION

The study followed the rules set by the Faculty Hospital
in Pilsen Ethics Committee. Informed consent was not
required. Five cases of SS-RMS were identified in the files
of the authors and their clinicopathological features were
reviewed and recorded. Architecture, tumour cell shape
(spindle, epithelioid, round), stromal features, the pres-
ence of necrosis, and bone invasion were evaluated, and
the mitotic index was determined by counting a total
field size of 2.4 mm® (approximately equivalent to 10
high-power fields [HPFs; x400]). The clinical follow-up
information was obtained from the treating clinicians
and from the referring pathologists.

HISTOLOGY AND IHC

For conventional microscopy, tissues were fixed in
formalin, routinely processed, embedded in paraffin,
cut, and stained with haematoxylin & eosin.

For THC, 4-um-thick sections were cut from paraffin
blocks and mounted on positively charged slides (TOMO,
Matsunami Glass IND, Osaka, Japan). Sections were pro-
cessed on a BenchMark ULTRA (Ventana Medical
Systems, Tucson, AZ, USA), deparaffinized, and subjected
to heat-induced epitope retrieval by immersion in a CC1
solution (pH 8.6) at 95°C. The primary antibodies used
in this study are summarized in Table 1. Visualization
was performed using the ultraView Universal DAB Detec-
tion Kit (Roche, Tucson, AZ, USA) and ultraView Univer-
sal Alkaline Phosphatase Red Detection Kit (Roche). The
slides were counterstained with Mayer’s haematoxylin.
Appropriate positive controls were employed.

MOLECULAR GENETIC STUDY

Archer FusionPlex assay
In cases 1-4, the in-house customized version of
ArcherDX FusionPlex Sarcoma kit (Boulder, CO, USA)
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Table 1. Antibodies used for immunohistochemical study

Antibody specificity Clone Dilution Antigen retrieval/time Source
AE1/AE3 AE1/AE3 + PCK26 RTU EnVision High pH/30 min Ventana
OSCAR IsoType:lgG2a 1:100 EnVision High pH/30 min Covance
EMA E29 1:400 EnVision High pH/30 min Dako

ALK ALK-01 RTU CC1/64 Ventana
Desmin D33 1:200 EnVision High pH/30 min Dako
Myogenin F5D RTU CC1/52 Ventana
MyoD1 EP212 RTU CC2/68 Ventana
PAX7 Monoclonal 1:500 CC2/56 Ventana
Caldesmon h-CD RTU FLEX High pH/ 30 min Dako

SMA 1A4 1:500 EnVision High pH/30 min Dako

S-100 protein Polyclonal RTU EnVision High pH/30 min Dako

SOX 10 SP267 RTU CC1/64 min Cell Marque
CD34 QBEnd/10 1:100 CC1/64 min Dako

CD31 JC70A 1:40 EnVision High pH/30 min Dako

ERG EPR3864 RTU CC1/52 min Ventana
SATB2 CL0276 1:100 CC1/52 min Ventana
$518-SSX E9X9V 1:2000 CC1/52 min Cell Signaling

CC1, EDTA buffer pH 8.6 at 95°C; CC2, Citrate buffer pH 6.0 at 92°C; EnVision High pH 9.0 at 97°C; EnVision Low pH 6.0 at 97°C; min,

minutes; RTU, Ready to use.

was used to construct a cDNA library for detecting
fusion transcripts and point mutations in 88 and 14
genes, respectively (File S1). All steps were performed
according to the manufacturer’s instructions, and the
library was sequenced on an Illumina platform as
described previously.*”

HIumina TruSight oncology 500 and TruSight RNA
Pan-Cancer panel assays

Case 5 was analysed using the TruSight Oncology
500 assay from Illumina (San Diego, CA, USA). This
panel analyses both DNA and RNA. The DNA anal-
ysis interrogates 523 genes for single nucleotide var-
iants (SNVs) and indels. However, for the RNA
analysis the original set of probes for fusion detec-
tion (which interrogates only 55 genes) was
replaced with TruSight RNA Pan-Cancer Panel (Illu-
mina) targeting 1385 genes. The complete list of
genes in both the DNA and RNA part of the analy-
sis can be found on the manufacturer’s website.?'*?
Data analysis for fusion detection was performed

using Dragen RNA app v. 4.0.4 (Illumina). The
analysis was otherwise performed as reported
previously.*>

DETECTION OF EWSR1 AND ZBTB41
REARRANGEMENTS BY FLUORESCENCE
IN SITUHYBRIDIZATION

The dual-colour, commercial break-apart probe
EWSR1 Break Apart fluorescence in situ hybridization
(FISH) Probe Kit (Vysis/Abbott Molecular Diagnostics,
Des Plaines, IL, USA), was used in this interphase
FISH assay to detect the presence of an EWSR1 gene
region (22ql12) rearrangement. For the confirmation
of the ZBTB41 gene (1q31.3) rearrangement in case
4, custom-designed break-apart probe SureFish
7ZBTB41 Break Apart probe (Agilent Technologies,
Santa Clara, CA, USA) was used.

The detailed procedure and interpretation were per-
formed in the same way as previously described by
our group.>*

© 2023 John Wiley & Sons Ltd., Histopathology, 84, 776-793.
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REVIEW OF THE LITERATURE o o
2212 |o |2 a g
The PubMed database was searched for relevant 3% z : z 8 s |2
peer-reviewed reports published in English, using a eE|® o 8 e - s
combination of the following keywords: “sclerosing P
rhabdomyosarcoma”, “spindle cell rhabdomyosar- e K
coma”, “TFCP2”, “EWSRI1:TFCP2”, and/or “FUS:: B %
TFCP2”. From over 800 articles published in the }2 § £ B
period from 1962 to July 2023, we selected all rele- g T&-g g z
vant studies dealing with SS-RMS with a TFCP2 rear- 3 ° ° ° 285 < g
rangement. Twenty-three articles were identified and =2 N - z g
the clinical information, THC results, and genetic data - 'g
were extracted and analysed together with our data §,§ °
from cases 1 to 3 that harboured TFCP2 fusions gg 2 8 9 2 < Je)
(File S2). - ) E
522 |72 5% |s
STATISTICAL ANALYSIS © -
e} (5]
Statistical analysis was performed using SW SAS g g . g i § §
(Cary, NC, USA). The descriptive statistics such as |3 5 2 g2 < |=*
absolute and relative frequencies, mean, standard e = * = = t
deviation, variance, median, interquartile range, min- é t |t | % € R
imum, and maximum were calculated. The Kaplan— 212 |£2 | & 2 £ |5
Meier analyses was used to calculate the overall sur- S kS
vival (OS). The Gehan Wilcoxon test, log-rank test, Bl 3. E
and Cox regression hazard model including hazard E| 8% N
. . .. o =o v © ~ [t} (&)
ratio calculations were used to assess the clinical € = = - 0O
impact of the examined covariates. Statistical signifi- = - - N > 2;
cance was determined at the level of 5%. The cases : So| |2 —Bgl|@ du| &
with EWSR1:ZBTB41 (case 4) and PLOD2:RBM6 =| E|B2|2i|bg2ez|s $2 |2
(case 5) gene fusions were excluded from statistical = § SE|8E|32E=> 2 S S @ %
analyses. = S
2 z |2 -
SloLE |5 s |35 |38
Results £l 213 |3 |33 N
Clinical data, selected morphological features, and © s g% E’% %éé %% E% §
. . . © 2|15°|&av|ac g © a3° |
IHC and molecular genetic results are summarized in o Z | o 2 @ S
Tables 2 and 3. - E
Case 1 was a 51-year-old woman who was admit- g SE s 2 & z s |2
ted to the hospital with a diagnosis of periprosthetic § 3 <
hyperplastic gingivitis of the maxilla without any “T; - ° § g
clinical suspicion of malignancy. The patient under- 2 é 7:;1;0 - S <
went biopsy with a diagnosis of malignant epithelial %’ E &5 £ g £ G g 2
tumour most compatible with sarcomatoid squamous 'E_ o E < “ < = é
cell carcinoma and was incompletely resected without g = % 5
adjuvant treatment. Four years later, the tumour < . = e 5 8
recurred, and the patient underwent maxillectomy. _rg' = 2 §§§ Eg . 3
The tumour was 55 mm in size and was composed of B 8 g é s58 = £ E
short fascicles of epithelioid to spindle-shaped cells € < < a - 2 .
with small eosinophilic nucleoli and irregular nuclear ] RS w 2 w w g §
borders (Figure 1A,B). No rhabdomyoblasts were pre- Nl <8 |0 N S ¥ < <_(_ g
sent. Tumour cells were surrounded by myxocolla- = @ 2 g
genous stroma. There were 5 mitoses/10 HPF; el sel- ~ ™ < o 128
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Immunohistochemical results and molecular genetic data of our five cases

Table 3.

Molecular genetic

SSX/5518

ERG  SATB2

CD31

CD34

Myogenin  MyoD1 PAX7  Caldesmon SMA $100 SOX10

Desmin

AE1/3/ OSCAR EMA ALK

No

Few cells N FUSex6.::TFCP2ex2

NA

N

Diffusely

N

Diffuse cytoplasmic

N

Diffuse moderate

1

to weak

EWSRTex5::-TFCP2ex2,

N

Focally +

N

NA

N

Focally +

N

Diffusely

N

Few cells

Diffuse cytoplasmic /

Focally +

2

VAX2ex2::ALKex2,

perinuclear

VAX2intron2::ALKex2

FUSex6.::-TFCP2ex2

NA

N

Focally +

Diffusely

N

N Few cells Diffusely

Few cells  Diffuse cytoplasmic

Focally +

3

EWSRTex8::ZBTB41ex7

NA

Weakly

N

Diffusely Diffusely

Diffusely

Focally + weak

positive

PLOD2ex8::RBMé6ex7

Focally +/ N

Diffusely

N

Diffusely

N

Diffusely

Focally +

Diffusely

PTPRT ¢.795C > A
p.(Tyr265Ter)

PDGFRA amplification

+, Positive; N, —Negative; SMA, Smooth muscle actin.

necrosis was absent. Immunohistochemically, the
tumour cells were diffusely positive for cytokeratin
cocktail AE1/AE3 (Figure 1C) and OSCAR as well as
for MyoD1 (Figure 1D). Myogenin, desmin, PAX7,
smooth muscle actin (SMA), and h-caldesmon were
negative, along with endothelial and neurogenic
markers. ALK showed strong cytoplasmic expression
(Figure 1E). RNA-sequencing revealed FUSex6::
TFCP2ex2 gene fusion. The patient was alive with
disease 48 months after diagnosis.

Case 2 was a 7-year-old girl diagnosed with man-
dibular pain of suspected inflammatory origin and
was treated by physiotherapy. A subsequent com-
puted tomography (CT) scan revealed a lytic lesion in
the anterior mandible measuring 32 mm in the larg-
est diameter with soft-tissue involvement of maximal
size 38 mm. The patient underwent a biopsy with a
diagnosis of sarcoma and received two cycles of che-
motherapy (vincristine, dactinomycin, ifosfamide and
vincristine, doxorubicin, ifosfamide). There was no
therapeutic effect and the soft-tissue component kept
growing, eventually reaching 60 mm. The tumour
consisted of a variable cellular proliferation of epithe-
lioid to spindle-shaped cells that were organized in
vague fascicles with intervening myxoid to collage-
nous stroma (Figure 2A,B). The nuclear membrane
was irregular, with large eosinophilic nucleoli. No
rhabdomyoblastic differentiation was noted. The
mitotic count was 15 mitoses/10 HPF; necrosis was
absent. Tumour cells were focally immunopositive for
AE1/AE3 (Figure 2C) and OSCAR. MyoD1 showed
diffuse nuclear expression (Figure 2D), desmin was
only focally positive, and myogenin, PAX7, SMA, and
h-caldesmon were completely negative. Additionally,
S100 protein (Figure 2E) and SATB2 were focally
positive. ALK showed diffuse but weak cytoplasmic
and perinuclear expression (Figure 2F).

RNA-sequencing detected three gene fusions,
including in-frame EWSRI1ex5:TFCP2ex2, out-of-
frame VAX2ex2::ALKex2, and unknown frame status
fusion with intron exonisation VAX2intron2::ALKex2
(Figure 3A,B).

The patient was alive with disease 8 months after
diagnosis and recently received radiotherapy and two
cycles of chemotherapy (topotecan and carboplatin)
followed by two cycles of irinotecan combined with
crizotinib. The size of the tumour decreased by 37%
and the patient was scheduled for surgery.

Case 3 was a 65-year-old man with a 9.5-cm large
tumour in the supraumbilical soft tissues with skin
ulceration. The lesion was resected with an unknown
margin status. The referring diagnoses included
superficial myxofibrosarcoma, synovial sarcoma, or

© 2023 John Wiley & Sons Ltd., Histopathology, 84, 776-793.
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Figure 1. The tumour was composed of short fascicles of spindle-shaped (A) to epithelioid (B) cells with small eosinophilic nucleoli and irreg-
ular nuclear borders. Stroma was collagenous/sclerotic (B) and occasionally myxoid. Tumour cells were diffusely positive for AE1/3 (C) and

MyoD1 (D). ALK showed cytoplasmic immunoexpression (E).

high-grade leiomyosarcoma. The tumour consisted of
variably cellular fascicles of spindle cells (Figure 4A),
which gradually transformed into areas with haphaz-
ardly arranged epithelioid cells; no rhabdomyoblasts
were present (Figure 4B). The stroma was mostly col-
lagenous but occasionally myxoid, with few lymphoid
aggregates mainly at the tumour periphery. Mitotic
activity reached 16 mitoses/10 HPF, small areas of
necrosis, and perineurial invasion were present.
Immunohistochemically, pan-cytokeratins (AE1/AE3,
OSCAR) (Figure 4C), EMA, SMA, and desmin were
focally positive. MyoD1 (Figure 4D) and h-caldesmon
(Figure 4E) were diffusely positive (the latter predomi-
nantly in spindle cell areas), whereas myogenin and
PAXY7 were negative. ALK showed diffuse cytoplasmic
expression (Figure 4F). Next-generation sequencing
(NGS) was performed and FUSex6::TFCP2ex2 gene

© 2023 John Wiley & Sons Ltd., Histopathology, 84, 776-793.

fusion was found. The patient was alive without evi-
dence of disease 38 months after diagnosis.

Case 4 was 48-year-old-woman investigated for
sacral pain, which was found to be caused by a retro-
peritoneal tumour with massive metastatic spread in
the retroperitoneum, bones, liver, and spleen. A
biopsy was performed and the tumour was diagnosed
as Ewing sarcoma. Since the tumour was inoperable,
the patient was treated by chemotherapy (vincristine,
ifosfamide, doxorubicin, and etoposide) in a modified
regimen due to bicytopenia. Tumour progressed with
multiple bone metastases, of which one focus in the
acromioclavicular joint was resected. It was composed
of solid sheets of small round-to-ovoid cells with only
occasional loose myxoid stromal areas (Figure 5A).
No rhabdomyoblastic differentiation was noted. There
were 17 mitoses/10 HPF; necrosis was absent.
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Figure 2. Case 2 was rather bland-looking, with a vague fascicular architecture (A) and was composed of spindle-shaped to epithelioid or
rhabdoid tumour cells occasionally with areas reminiscent of alveolar spaces (B). Tumour cells showed irregular expression of AE1/3 (C),

MyoD1 (D), S100 protein (E), and ALK (F).

Desmin, myogenin, and MyoD1 were diffusely positive
and ALK showed focal cytoplasmic expression
(Figure 5B-E). Tumour cells were negative for pan-
cytokeratins (AE1/3 and OSCAR), CD99, and
NKX2.2. An in-frame EWSR1ex8::ZBTB41ex7 fusion
was detected, which, to our best knowledge, has not
been previously reported (Figure 6A) This novel
fusion was further confirmed by FISH using both
EWSR1 and ZBTB41 probes (Figure 6B). A scanned
whole slide image of the case is available at https://
pathpresenter.net/public/display?token=d40feb2e.

Nineteen months later, the patient died due to
tumour progression and concurrent bone marrow
depletion caused by extensive tumour infiltration and
drug-induced pancytopenia, associated with the
development of sepsis and pulmonary thromboem-
bolic disease.

Case 5 was 15-year-old female who had a patho-
logical fracture of the distal femur due to an underly-
ing neoplastic process. The tumour consisted of
variably  cellular  proliferation  of epithelioid,
plasmacytoid-to-spindle-shaped  cells with  high
nuclear pleomorphism, irregular chromatin, and
small nucleoli that were embedded in a fibrosclerotic
stroma. There were large necrotic areas and the

mitotic count reached up to 15 mitoses/10 HPF.
While there was a surprising aberrant SATB2 expres-
sion, no osteoid formation was noted (Figure 7A,B).
Tumour cells were focally positive for desmin,
MyoD1, and myogenin and diffuse expression of SMA
was noted (Figure 7C-E), whereas pan-cytokeratins
and ALK were negative. DNA and RNA sequencing
revealed PTPRT c.795C>A p.(Tyr265Ter) gene muta-
tion (with allelic frequency 19%) and low-level
PDGFRA amplification. In addition, in-frame gene
fusion between exon 8 of the PLOD2 gene and exon
7 of the RBM6 gene (Figure 7F) was detected as
well. A scanned whole-slide image of the case is
available at https://pathpresenter.net/public/display?
token=e398c6bcl.

The patient was referred to the children’s orthopae-
dic oncology centre, but was lost to further follow-up.

REVIEW OF THE LITERATURE

Twenty-three articles reporting 66 cases of TFCP2-
rearranged SS-RMS (our three cases included) were
found in the English literature.*> 15192579 There
were 39 female and 25 male patients (the gender
was unknown in two cases). The average age at

© 2023 John Wiley & Sons Ltd., Histopathology, 84, 776-793.
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Figure 3. Case 2 was characterized by triple gene fusion involving the genes VAX2 and ALK. (A) The structure of the genes with indicated break-
points. The fusion takes place at the end of exon 2 of VAX2 and within its intron and ALK contributes to the fusion with a breakpoint before exon
2. (B) Displays transcripts of these two genes, as well as their specific domains. [Colour figure can be viewed at wileyonlinelibrary.com]

presentation was 34 years (median 29.5 years; age
range 7-86 years). Forty-four cases (~72%) were
localized in the head and neck (H&N) region, includ-
ing craniofacial bones, with 29 cases presenting in
the mandible (n = 15) or maxilla (n = 14). Other
locations comprised pelvic bones (n = 8), other bones
of the axial skeleton (n = 6), peritoneum and abdomi-
nal wall (n = 2), femur (n = 1), chest wall and shoul-
der (n = 2), and the urinary bladder (n = 1). Two
cases were of unknown locations. The average
tumour size was 59 mm.

© 2023 John Wiley & Sons Ltd., Histopathology, 84, 776-793.

The tumours were composed of admixture of differ-
ent cell phenotypes including spindle, epithelioid, and
round cells. The pure spindle phenotype was present
in 12 cases, pure epithelioid phenotype in six cases,
and pure round cell phenotype in one case. The com-
bination of spindle- and epitheloid-morphology was
the most common and appeared in 38 cases (includ-
ing one case with giant cells). One case showed a
mixture of round- and spindle-cell morphology and
one case showed a combination of all three cell types.
Rhabdomyoblasts were exceptional; they were present
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Figure 4. Tumour in case 3 was composed of closely intermingled hypo- and hypercellular areas, the former being composed of short whir-
ling fascicles of elongated spindle-shaped cells (A). In contrast, the hypercellular areas consisted of haphazardly arranged epithelioid/rhab-
doid tumour cells with higher nuclear pleomorphism and mitotic activity (B). Tumour cells were focally positive for AE1/3 (C) and diffusely
positive for MyoD1 (D). H-caldesmon predominantly decorated the spindle cells (E). ALK showed diffuse cytoplasmic expression (F). [Colour

figure can be viewed at wileyonlinelibrary.com]

focally in only seven cases and always admixed with
dominant epithelioid- and spindle-cell phenotypes.

By IHC, SS-RMS cases were positive for MyoD1
(58/60 of cases, 96.7%), desmin (59/64, 92.2%),
ALK (52/60, 86.7%), myogenin (47/62, 75.8%), and
for pan-cytokeratins (31/49, 63.2%). Smooth-muscle
markers tested in a subset of cases were also some-
times positive, with SMA positivity detected in 9/18
cases (50%) and h-caldesmon expression present in
2/17 cases (11.8%). PAX7 was not generally investi-
gated across the previously reported cases, but all our
cases were negative (n = 3).

Molecular genetic testing was performed in all
included cases, with FUS:: TFCP2 gene fusion being
confirmed in 40 cases (60.6%), including double gene

fusion FUS:TFCP2 and TIMP3:ALK in one case>’
and a triple gene fusion FUS::TFCP2 combined with
VAX2ex2::ALKex2 and VAXZ2intron2::ALKex2 gene
fusions in another case. EWSRI1::TFCP2 gene fusion
was present in 21 cases (31.8%). TFCP2-
rearrangement without a known partner was
detected by FISH in two cases (3.0%) and FUS-
rearrangement without a partner was found in three
cases (4.5%).

Deletion of the ALK gene was found in 11 cases
and two cases carried ALK gene amplification by
RNA sequencing.mf15 A4l

Thirteen cases harboured homozygous deletion of
CDKN2A/B,**153638740 including one case with
chromothripsis of 1p and 3p chromosomes'* and one

© 2023 John Wiley & Sons Ltd., Histopathology, 84, 776-793.
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Figure 5. The bone metastasis in case 5 was composed of round cells and lacked intervening stroma (A). The tumour cells expressed myo-
genic markers including desmin (B), MyoD1 (C), and myogenin (D). ALK showed focal cytoplasmic expression (E). [Colour figure can be
viewed at wileyonlinelibrary.com]

case with concurrent loss of NF2 and MTAP genes.>®
One case carried amplification of the CDKN2A/B
gene. In one case, amplification of PDCDILG2 (PD-
L2), JAK2, and NFIB genes was found.”” In two
cases, SNVs were reported, including CDC73 and
SETD2 in the first case and AMER1, PREX2, TFE3,
along with a deletion in the APC gene in the second
case."?

The therapeutic approach included surgery in 26
cases, combined with chemotherapy and/or radio-
therapy in 17 cases, which in two cases was followed
by tyrosinkinase inhibitors (TRKi). In 20 patients sur-
gery was not performed due to advanced disease and
18 of these patients received chemotherapy and/or
radiotherapy and six cases additionally received TRKi.
In total, TRKi was administered in eight patients
including pazopanib, alectinib, crizotinib, and/or
lorlatinib.

Twenty patients developed one or more distant
metastases (either at the time of diagnosis or after dis-
ease progression) to bones (n = 13), lungs (n = 12),
liver (n = 1), and the gastrointestinal tract (n = 1). Of
note, lymph node metastases occurred in 11 cases
and were usually present at the time of diagnosis.

© 2023 John Wiley & Sons Ltd., Histopathology, 84, 776-793.

Follow-up was available for 50 cases (75.8%), with
an average follow-up period of 15.7 months (mean
11 months, range 0-108 months). Seven patients
(14%) were alive without evidence of disease, with
an average of follow-up of 32.4 months (mean
27.5 months, range 2-108 months). Eighteen
patients (36%) were alive with disease after an aver-
age 15.6 months of follow-up (mean 9 months,
range 0—60 months). Twenty-five patients (50%) died
of disease within (on average) 10.9 months (median
9.5 months, range 1-34 months).

One of our cases (not involved in the description
above) had hitherto undescribed EWSRI1::ZBTB41
gene fusion, and additional case showed novel
PLOD2::RBM6 gene fusion. The same case developed
PTPRT ¢.795C > A p.(Tyr265Ter) gene mutation and
amplification of the PDGFRA gene.

STATISTICAL ANALYSIS

Various clinical parameters were statistically evalu-
ated as potential predictors of patient OS. The vari-
ables included: sex, age, EWSR1, FUS, ALK, and
CDKN2A/B genetic events, influence of surgery,
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Figure 6. The fusion joining the exon 8 of EWSR1 with exon 7 of ZBTB41 is illustrated and protein domains are depicted (A). The FISH
analysis using the ZBTB41 probe showed yellow signal (normal) and separated orange and green signals indicating a break of ZBTB41 gene

(B). [Colour figure can be viewed at wileyonlinelibrary.com]

radiotherapy (RT), chemotherapy (CHT), and/or bio-
logical treatment. All prognostically relevant parame-
ters are listed in Table 4.

The OS curve was valid (59% of the data were
censored). The OS median was 7 months. The 0.5-
1-year OS was 72%, the 1-year OS was 57%, but a
3-year OS dropped to 28% (Figure 8A). Gender did
not have any influence on OS (P = 0.6665). Age-
related OS was statistically significant when divided
into quartiles, including <17, 18-24, 25-49, and
>50 years of age (P = 0.0370; Figure 8B). The OS
was dependent on age. Patients between 18 and

24 years of age had the worst prognosis; the 0.5-
year OS was 64% and the 1- and 3-year OS was
0% (mean 0.667 years). The strongest cutoff for
age-dependent OS was 50 years of age, which
showed a borderline statistically insignificant differ-
ence (P = 0.0526).

The presence of EWSR1 or FUS gene alterations
did not influence OS (P = 0.3321 and P = 0.1663,
respectively). The presence of the ALK gene mutation
or fusion was related to a 2.9 hazard ratio
(P = 0.0069) and 0.5-year OS for ALK-altered cases
was 55%, whereas 0.5-year OS in ALK-negative cases

© 2023 John Wiley & Sons Ltd., Histopathology, 84, 776-793.

85U801 SUOLILLOD BATE81D 3(dedl|dde ay) Aq peusenob ae ss(ie YO ‘SN JO S9N 10} ARIqiT8uIIUO AB]IA UO (SUONIPUOD-PUR-SLLIBILIOD" A |IM A RIq 1 BUIUO//SANY) SUORIPUOD PUe SWB | 841 88S *[Z0z/2T/LT] uo AriqiauliuO AB|IM ‘BUeIyo0D -aurmn AQ TZTSTSIY/TTTT OT/I0p/Wod 48| IM Aiq iUl |uo//Sdny Woi) pepeojumod ‘G ‘720z ‘6G62G9ET


https://www.wileyonlinelibrary.com

Spindle cell rhabdomyosarcomas 787

PLOD2

RBM6

PLOD2:NM_182943.3: exon 8(Chr3:q23-q24)
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Figure 7. Case 6 was a relatively hypocellular lesion composed of vague fascicles of irregular spindle-shaped cells with intervening hyalinized
stroma (A). Occasional areas with increased cellularity, higher nuclear pleomorphism, hyperchromatic nuclei, and increased mitotic activity
were present (B). Tumour cells showed focal expression of MyoD1 (C) and desmin (D). SMA was diffusely positive (E). The fusion joining of
exon 8 of PLOD2 with exon 7 of RBM6 is illustrated and protein domains are depicted (F). [Colour figure can be viewed at

wileyonlinelibrary.com]

was 79% (Figure 9A). Similarly, the presence of a
CDKN2A/2B alteration was correlated with a worse
prognosis, with a 2.9 hazard ratio (P = 0.0246) and
the 0.5-year OS was 59% for positive and 77% for
negative cases (Figure 9B).

Treatment by standard CHT had a negative impact
on OS (P=0.0410), with a 4.255 hazard ratio
because of worse clinical stage at the time of diagno-
sis (Figure 9C). There was no significant difference

© 2023 John Wiley & Sons Ltd., Histopathology, 84, 776-793.

between patients treated by RT, or biological
treatment compared to the group of patients
treated by other means (P = 0.1868 and P = 0.3245,
respectively). Also, a combination of different
treatment modalities radiotherapy + chemotherapy
(P=0.1224), or chemotherapy + radiotherapy +
biological treatment (P = 0.3861) was of no statisti-
cal significance (Figure 9D). The Cox regression
model showed that the group of patients without
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Table 4. Overall survival of selected prognostically relevant parameters

Parameter Categories  Number of cases  0.5-year OS (%)  1-year OS (%)  3-year OS (%)  Mean survival (years) SE
oS None 66 72 57 28 1.563 0.165
Age (years) <17 12 920 68 0 1.274 0.147
18-24 1 64 0 0 0.667 0.121
25-49 27 59 38 29 1.149 0.182
>50 14 82 82 45 2.239 0.344
All <49 50 68 34 22 1.130 0.121
ALK Positive 15 55 23 0 0.845 0.164
Negative 51 79 66 35 1.785 0.194
CDKN2A/2B  Positive 15 59 34 13 0.772 0.111
Negative 52 77 66 32 1.775 0.195

OS, Overall survival.

(A) Overall Survival (B) Overall Survival
Cumulative Proportion Surviving (Kaplan—Meier) Cumulative Proportion Surviving (Kaplan—Meier)

1.0 L

0.9 _;_I

0.8 o 0.8
=] c
& £
2 07 >
E ; 0.7
@ (7]
5 06 § 06
g H
g 05 g 05
o a
£ 04 2 04
= 2
2 8
E 03 g 03

0.2 0.2 =

0.1 0.1

0.0 ;

00 05 1.0 15 20 25 3.0 35 0.0 0.5 10 15 20 25 3.0 35
Time (years) Time (years)
SURGERY AGE:
— 1. <17 — 2.18-24 — 3.25-49 — 4. >50 (P=0.0370)

Figure 8. Overall survival (OS) of TFCP2 SS-RMS by Kaplan—Meier univariate analysis (A). OS by Kaplan—Meier multivariate analysis, which
emphasized that OS was related to age and the worst survival was in category of patients between 18 and 24 years (P = 0.0370) (B). [Col-

our figure can be viewed at wileyonlinelibrary.com]

(neo)adjuvant treatment had a borderline statistically
insignificant difference of better OS compared to the
group of patients treated with combination therapy
(P = 0.0643). That was related to advanced stage
(which was available in less than half of the cases)
and disease dissemination in patients who were trea-
ted by (neo)adjuvant modalities and were naturally of
poor clinical status.

Finally, multivariate the Cox regression hazard
model was performed (included variables were age,
sex, presence of EWSRI1, FUS, and ALK-gene alter-
ations, CDKN2A/2B alteration). The only statistically
significant variable was the presence of ALK-gene

alteration (P =0.0151), with a hazard ratio of
2.796.

Disease-free survival was impossible to calculate, as
most patients did not have a complete tumour resec-
tion and therefore had no tumour-free period.

Discussion

SS-RMS represents a genetically heterogeneous group
of RMS, with three molecular variants currently recog-
nized. Spindle-cell RMS with VGLL2/NCOA1/CITED2
gene rearrangements’® affects newborns or infants,

© 2023 John Wiley & Sons Ltd., Histopathology, 84, 776-793.
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Figure 9. Overall survival (OS) of TFCP2 SS-RMS by Kaplan—Meier univariate analysis, which emphasized that OS was dependent on the
presence of the ALK gene mutation or fusion, which was associated with a 2.9 hazard ratio (P = 0.0069) and a 0.5-year OS for ALK- rear-
ranged cases was 55% (A). Similarly, the OS was dependent on the presence of CDKN2A/2B alterations with 59% (P = 0.0246) 0.5-year OS
(B). A negative correlation was also present in patients treated by chemotherapy because of their worse clinical stage at the time of diagnosis
(P = 0.0410) (C). OS by Kaplan—Meier univariate analysis for all treatment modalities and their combinations (D). [Colour figure can be

viewed at wileyonlinelibrary.com]

usually has a good prognosis without a propensity for
metastatic spread, and aggressive multimodal therapy
may thus not be required.® The characteristic molecu-
lar genetic events consist of VGLL2::CITED3, VGLL2::
NCOA2, TEADI1:NCOA2, or SRF:NCOA2 gene
fusions.”® Only four reported cases developed metasta-
sis, of which three showed high-grade morphology at
relapse with genomic instability and alterations of dif-
ferent genes (in particular TP53, CDKN2A/B, and
FGFR4).** Recently, Agaimy et al. described a series of
six cases with novel VGLL3 rearrangements with
TCF12, EP300, and PPARGC1A being the fusion part-
ners. Clinically, while these tumours occurred in
adults, they again showed H&N predilection and
appeared to follow an indolent course."”

The second subtype of SS-RMS is MYODI-mutant
RMS.>12 In contrast to a previous group, this
tumour type is typically diagnosed in older

© 2023 John Wiley & Sons Ltd., Histopathology, 84, 776-793.

children and young adults, represents an aggressive
variant, and usually shows sclerosing morphology.
Genetically, homozygous or heterozygous MYODI
(Leul22Arg) mutations are present,*> with comuta-
tions in the PI3K-AKT pathway (most frequently the
PIK3CA gene) being present in up to 33% of
cases.®!? Additional coexistent mutations may be in
the RAS pathway, including NRAS, HRAS, or FGFR4
gene mutations.® The presence of concomitant muta-
tions probably does not change the prognosis, as all
cases have a similarly aggressive clinical course, usu-
ally paired with resistance to multimodal therapy.'?

The recently described SS-RMS with TFCP2 rear-
rangements again represent aggressive tumours resis-
tant to multimodal therapy, which leads to their
overall poor prognosis.'>'®> The literature (including
our three cases) contained data on 68 cases of
TFCP2-rearranged SS-RMS.
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TFCP2 gene (transcription factor cellular promoter
2), also known as LSF, is a protooncogene involved
in DNA synthesis and cell survival and works as an
antiapoptotic factor.** TFCP2 has been reported to be
involved in hepatocellular, pancreatic, renal, thyroid,
oral, breast, cervical, and colorectal cancer.*>*°

Hemizygous deletion or amplification of the ALK
gene was reported in 11 and 2 SS-RMS cases, respec-
tively. An additional two reported cases carried dou-
ble or triple ALK gene fusions, namely, one case with
FUS::TFCP2 and TIMP3::ALK gene fusion®’ and a
second case with FUS::TFCP2 and dual VAX2: ALK
(VAX2ex2::ALKex2 and VAXZ2intron2::ALKex2) gene
fusion.

ALK inhibitors represent an effective treatment for
advanced ALK-fused tumours, particularly in non-
small-cell lung cancer, but the experience with ALK
inhibitors in sarcomas is more limited, with only a
few tumour types targeted by this treatment, includ-
ing inflammatory myofibroblastic tumour.>?*" >
Overall, nine TFCP2-rearranged RMS patients were
treated by TRKi (crizotinib, alectinib, lorlatinib, and/
or pazopanib), either alone or in combination with
chemotherapy and/or radiotherapy. Five patients died
of the disease after 7.7 months of an average follow-
up period, two patients were alive with disease 8 and
19 months after the diagnosis, and one patient was
alive without evidence of disease at 17 months after
diagnosis (one case was lost for follow-up). From this
group, five of nine patients showed ALK-alteration
(three cases carried ALK-deletion and two cases
ALK-fusion).

Anecdotal cases have been reported in which the
combination of ALK inhibitors and radiotherapy
resulted in disease stabilization.?>® This therapeuti-
cal option appears to be effective in primary TFCP2-
rearranged RMS where ALK gene alteration has been
identified. However, recurrences or metastases of
these tumours usually lacked any ALK-gene
alterations, !3-26:29-33.36.39.41

Six patients were treated with a combination of
CHT and/or RT and biological treatment (without
surgery), in particular ALK inhibitors (including alec-
tinib, crizotinib, and/or lorlatinib) or vascular endo-
thelial growth factor inhibitors (pazopanib). These
were used either alone or in combination in six and
three cases, respectively. Except for two patients who
are alive with the disease, all others progressed
despite treatment and died of the disease.>’

Thirteen TFCP2-rearranged SS-RMS harboured
homozygous deletion of CDKN2A or CDKN2B
(n=12) or had amplification of CDKN2A and
CDKN2B genes (n = 1),'*1°363840 but none showed

concurrent inactivation of TP53, associated with a
worse outcome in other RMS types, mainly in pleo-
morphic RMS.”! CDKN2A/B genes might be another
potential target, but none of the cases reported in the
literature were treated by CDK4/6 inhibitors that
could be efficient drugs in tumours with a high CDK4
level.>?

A novel EWSRI1ex8::ZBTB4ex7 gene fusion was
detected in case 4. The tumour showed monotonous
round/ovoid cell morphology and was diffusely posi-
tive for rhabdomyoblastic markers (MyoD1, desmin,
and myogenin), was negative for pancytokeratins and
showed patchy positivity for ALK. The ZBTB4 (zinc
finger and BTB domain containing 4) is a transcrip-
tional repressor gene that was described across differ-
ent human malignancies including breast, ovary,
prostate, or neuroblastoma.’>>* It is involved in the
activation of the p53 gene by regulation of the activ-
ity of CDKN1A. Downregulation of ZBTB4 inhibits
apoptosis and increases tumour cell growth. Yu et al.
proposed a theory that in vitro restoration of the inac-
tivated ZBTB4 gene in Ewing sarcoma cells reduces
their survival via decreasing Survivin expression.’’
This theory supported the study of drug-induced
upregulation of the ZBTB4 gene in prostate cancer by
drug targeting of miRNA.>®

In case 5, we found a novel PLOD2 exon2:
RBM6exon7 gene fusion that has never been
described so far in any human malignancy. RBM6,
RNA Binding Motif protein 6, is a nuclear protein
expressed across different human tissues but mainly
in the haematopoietic tissue where it participates in
the development of T-cells and granulocytes and in
nonhematogenic structures. The highest expression is
in the heart, pancreas, and skeletal muscle.”” RBM6
belongs to the family of tumour-suppressor genes
and is responsible for regulation of homologous
recombination of double-strand breaks. RBM6-
deficient tumours are sensitive to ataxia-telangiectasia
mutated (ATM) and poly ADP-ribose polymerase
(PARP) inhibitors and may exhibit vulnerability to
cisplatin treatment.’® PLOD2, procollagen-lysine,
2-oxoglutarate 5-dioxygenase 2, is an enzyme that is
responsible for increasing cytoplasmic succinate,
thereby activating the epithelial-mesenchymal transi-
tion, an ability responsible for metastatic spread and
drug resistance.’® The same case harboured a PTPRT
¢.795C>A p.(Tyr265Ter) gene mutation as well as
amplification of the PDGFRA gene.

In conclusion, TFCP2-rearranged SS-RMS is a rare
and very aggressive subtype of RMS. The frequent
pancytokeratin expression represents a diagnostic
challenge. Therefore, the awareness of its salient

© 2023 John Wiley & Sons Ltd., Histopathology, 84, 776-793.
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clinicopathological features, namely, its common
occurrence in craniofacial bones of young adults, epi-
thelioid, and spindled morphology coupled with the
expression of rhabdomyoblastic markers and frequent
ALK positivity are clues to the correct diagnosis. The
disease has a rapid clinical course, with poor progno-
sis (3-year overall survival rate 28%). CDKN2A or
ALK alterations, the use of standard chemotherapy,
and age at presentation of 18-24 years are nega-
tively correlated with overall survival.
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