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Head and neck rhabdomyosarcoma with TFCP2 fusions and ALK overexpression: a clinico-
pathological and molecular analysis of 11 cases

Aims: Primary intraosseous rhabdomyosarcoma (RMS)
is a rare entity defined by EWSR1/FUS-TFCP2 or, less
commonly, MEISI-NCOA2 fusions. The lesions often
show a hybrid spindle and epithelioid phenotype, fre-
quently coexpress myogenic markers, ALK, and cytoker-
atin, and show a striking propensity for the pelvic and
craniofacial bones. The aim of this study was to investi-
gate the clinicopathological and molecular features of 11
head and neck RMSs (HNRMSs) characterised by the
genetic alterations described in intraosseous RMS.

Methods and results: The molecular abnormalities
were analysed with fluorescence in-situ hybridisation
and/or targeted RNA/DNA sequencing. Seven cases
had FUS-TFCP2 fusions, four had EWSRI1-TFCP2
fusions, and none had MEISI-NCOA2 fusions. All
except one case were intraosseous, affecting the
mandible (n = 4), maxilla (n = 3), and skull (n = 3).
One case occurred in the superficial soft tissue of the

neck. The median age was 29 years (range, 16—
74 years), with an equal sex distribution. All tumours
showed mixed epithelioid and spindle morphology.
Immunohistochemical coexpression of desmin, myo-
genin, MyoD1, ALK, and cytokeratin was seen in
most cases. An intragenic ALK deletion was seen in
43% of cases. Regional and distant spread were seen
in three and four patients, respectively. Two patients
died of their disease.

Conclusions: We herein present the largest series of
HNRMSs with TFCP2 fusions to date. The findings
show a strong predilection for the skeleton in young
adults, although we also report an extraosseous case.
The tumours are characterised by a distinctive spindle
and epithelioid phenotype and a peculiar immunopro-
file, with coexpression of myogenic markers, epithelial
markers, and ALK. They are associated with a poor
prognosis, including regional or distant spread and
disease-related death.

Keywords: ALK, EWSR1-TFCP2 fusion, FUS-TFCP2 fusion, intraosseous rhabdomyosarcoma,

rhabdomyosarcoma

Introduction

The rhabdomyosarcoma (RMS) classification is still
evolving, with ongoing discoveries resulting from the
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wide application of next-generation sequencing (NGS)
in clinical practice. In the last 2020 World Health
Organization classification, four types of RMS were
recognised: embryonal, alveolar, pleomorphic, and
spindle cell/sclerosing.’ Among them, the spindle
cell/sclerosing RMS category has witnessed the most
significant molecular advances, being now subdivided
into a number of genetic subsets, including
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congenital/infantile spindle cell RMS associated with
various gene fusions involving VGLL2, NCOA1/2, and
SRF,>3 spindle cell/sclerosing RMS with MYODI
mutations,* and, finally, intraosseous RMS with
EWSR1/FUS-TFCP2 or MEIS-NCOA?2 fusions.’

Primary intraosseous RMS has been only recently
defined as an extremely rare variant of RMS with
mixed spindle and epithelioid morphology and a mul-
tiphenotypic immunoprofile. It was initially recog-
nised as a distinct pathological entity on the basis of
its recurrent gene fusions, including TFCP2 fusions
with either EWSRI or FUS, and less commonly
MEIS-NCOA2 fusions.>® To date, <40 cases of
intraosseous RMS with confirmed FUS/EWSRI-
TFCP2 or MEIS-NCOA2 fusions have been
reported.’ '* Whereas intraosseous RMSs with MEIS—
NCOA?2 fusions have been reported exclusively in the
pelvic bones, RMSs with TFCP2 fusions show a strik-
ing predilection for a craniofacial intraosseous loca-
tion, although large series are not yet available. In
this study, we gathered a cohort of 11 cases of head
and neck RMS (HNRMS) characterised by TFCP2
fusions, with the aim of investigating the comprehen-
sive clinical, histological, immunophenotypic, and
molecular profile of this rare tumour.

Materials and methods

CASE SELECTION AND CLINICOPATHOLOGICAL
REVIEW

The study was approved by the institutional review
board. Eleven cases of HNRMS harbouring EWSR1/
FUS-TFCP2 fusions were retrieved from the archived
pathology files and personal consultation files of the
authors. The clinical features and outcomes, i.e. age,
sex, site of the primary tumour, follow-up period,
treatment, local recurrence, and nodal and distant
metastasis, were gathered. All slides were centrally
reviewed by B.X. and C.R.A. to collect the pathologi-
cal and immunophenotypic features of each case. The
antibodies used for immunohistochemical studies are
summarised in Table S1.

DETECTION OF EWSR1/FUS-TFCP2 FUSIONS AND
OTHER MOLECULAR ANALYSES

The underlying EWSRI-TFCP2 or FUS-TFCP2 fusion
molecular alterations were investigated with fluores-
cence in-situ hybridisation (FISH) (n=9), the
ARCHER RNA sequencing platform (ArcherDX, Boul-
der, CO, USA) (n= 3), and/or targeted NGS with
either the Memorial Sloan Kettering-Integrated

Mutation Profiling of Actionable Cancer Targets
(MSK-IMPACT) platform or the FoundationOne plat-
form (Foundation Medicine Inc, Cambridge, MA,
USA) (n = 5).

FISH on interphase nuclei from formalin-fixed
paraffin-embedded 4-pm sections was performed with
custom-designed probes of bacterial artificial chromo-
somes flanking the target genes FUS, EWSR1, TFCP2,
and ALK, as previously described.>'®> Two hundred
successive nuclei were examined with a Zeiss Axio-
plan fluorescence microscope (Zeiss, Oberkochen, Ger-
many), controlled by isis 5 software (Metasystems,
Waltham, MA, USA). The FISH score was considered
to be positive when at least 20% of the nuclei showed
a break-apart signal. Nuclei with an incomplete set of
signals were omitted from the score.

The ARCHER RNA sequencing platform is a clinical
molecular diagnostic assay performed in a Clinical
Laboratory Improvement Amendments-accredited lab-
oratory utilising multiplex polymerase chain reaction
to detect oncogenic fusion transcripts involving 62
genes as described previously.’

Targeted NGS with either MSK-IMPACT or the
FoundationOne platform was performed in five cases.
MSK-IMPACT is a Food and Drug Administration
(FDA)-approved deep-coverage, targeted NGS assay
detecting single-nucleotide variants (SNVs), small
insertions/deletion (indels), copy number variants,
and fusion/structural variants in 468 oncogenes,
using custom DNA probes designed for targeted
sequencing of all exons and selected introns, includ-
ing canonical and selected non-canonical tran-
scripts.!®!”  FoundationOne is a commercially
available FDA-approved NGS platform detecting
SNVs, indels, copy number alterations, and rear-
rangements in 324 genes.'®

ALK IMMUNOHISTOCHEMICAL TESTING AND
MOLECULAR TESTING FOR ALK

Immunohistochemical studies for ALK were per-
formed in all cases. Additionally, molecular alter-
ations of ALK were tested in seven cases by the use of
FISH (n = 3), the ARCHER RNA sequencing platform
(n=3), MSK-IMPACT (n = 2), and/or the Founda-
tionOne platform (n = 3). In three cases, two or more
testing platforms were used.

Results

The clinical, pathological, immunophenotypic and
molecular features of the study cohort are

© 2021 John Wiley & Sons Ltd, Histopathology



summarised in Table 1. Four cases (cases 5-8 from
Table 1) were reported previously by our group.’”’

DEMOGRAPHIC AND CLINICAL DATA

HNRMSs with TFCP2 fusions affected patients of a
wide age range, from 16 to 74 years. The median
age at diagnosis was 29 years. Two cases (22%)
occurred in the paediatric population, affecting a 16-
year-old boy and an 18-year-old boy. The male/fe-
male ratio was 1:1.2.

Ten of the 11 cases were located intraosseously.
The most commonly affected bone was the mandible
(n=4, 40%, Figure 1), followed by the maxilla
(n =3, 30%), and the skull (n = 3, 20%). Computed
tomography and/or magnetic resonance imaging
were performed at our centre in four patients (cases
2, 7, 8 and 9), and showed large (40-78 mm)
heterogeneous expansile lytic intraosseous lesions
with destruction of the cortex and soft tissue exten-
sion (Figure 1A).

One patient was found to have a FUS-TFCP2-
fusion positive superficial soft tissue mass involving
the dermis and subcutis of the neck/back region,
without bone involvement (Figure 2).

HISTOLOGICAL FEATURES

All cases showed a mixture of spindle and epithelioid
cytomorphology. The spindle cells formed intervening
fascicles (Figure 1C) or were loosely arranged as sin-
gle cells or small clusters. The epithelioid cells con-
tained abundant, often glassy, eosinophilic cytoplasm
arranged as single cells, small clusters, cords, and
solid sheets (Figure 1C). The FUS-TFCP2-positive
superficial soft tissue tumour (case 10) additionally
contained areas of small round cell morphology, with
uniform round to oval nuclei, scanty cytoplasm, and
solid architecture (Figure 2B). No definite rhabdomy-
oblastic differentiation (i.e. strap cells, concentric
paranuclear whorls of filaments, and cross-striations)
was seen histologically. Although most of the
tumours were composed of uniform monotonous
nuclei, two tumours (cases 2 and 3) contained scat-
tered cells with marked nuclear pleomorphism (Fig-
ure 1D).

IMMUNOPROFILE

Immunophenotypically, all cases except one showed
convincing evidence of rhabdomyoblastic differentia-
tion (Table 1); however, the level of expression varied
from rare tumour cells to diffusely positive. Desmin

© 2021 John Wiley & Sons Ltd, Histopathology
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was positive in 10 of the 11 (91%) cases, with a focal
staining pattern in three and a diffuse pattern in
seven. MyoD1 was positive in all eight cases tested
(Figure 1H), and myogenin was positive in nine of
10 tested cases (90%). One case (case 9) was negative
for desmin and myogenin; however, no material was
available for immunostaining for MyoD1, which was
found to be the most sensitive myogenic marker in
this subset of RMSs. Moreover, this case was positive
for cytokeratin (CK) and ALK, like most other cases
in our study group.

Expression of CK AE1/AE3, either diffuse or focal,
was commonly seen, being detected in nine cases
(82%). The rate of immunopositivity for other ker-
atins was as follows: CAMS5.2 was positive in two of
four cases tested, CK7 was positive in one of one,
CK5/6 was positive in one of two, and CK20 and
CK18 were both negative in a single case tested.

ALK was positive in nine of 10 tested cases (90%),
mostly in a diffuse cytoplasmic pattern with moderate
to strong intensity (Figure 1G).

MOLECULAR PROFILE

Seven cases had FUS-TFCP2 fusions, whereas the
remaining four cases showed EWSR1-TFCP2 fusions.
MEIS1-NCOA2 fusion, a molecular alteration that
has previously been reported in intraosseous RMS,’
was not detected in any HNRMS. The FUS-TFCP2
rearrangement was confirmed by use of the ARCHER
RNA sequencing platform in three cases, all of which
showed an in-frame fusion between FUS exon 6 and
TFCP2 exon 2.

Among the seven cases that were tested for ALK
alterations with MSK-IMPACT (n = 2), the Founda-
tionOne platform (n = 3), the ARCHER RNA sequenc-
ing platform (n=3), and/or FISH (n= 3), ALK
deletion was detected in three (43%) cases. The plat-
forms used to detect ALK deletion in these three cases
were: the FoundationOne platform (n= 1), the
ARCHER RNA sequencing (n = 1), and MSK-IMPACT
(n=1). The three different ALK deletions identified
spanned from intron 1 to intron 16, from exon 2 to
exon 17, and from exon 2 to exon 19, respectively.
None of the deletions included the kinase domain of
ALK, which corresponds to exons 22-25. The
remaining four cases did not show an ALK alteration.
ALK was immunohistochemically positive in nine of
10 tested cases, and it was negative in one of the
three cases with an ALK intragenic deletion.

All five cases subjected to MSK-IMPACT or Founda-
tionOne NGS sequencing (cases 2, 7, 9, 10, and 11)
additionally showed CDKN2A loss.
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Figure 1. An intraosseous rhabdomyosarcoma of the mandible with FUS-TFCP2 fusion in a 34-year-old man. A, A computed tomography
scan shows a large lytic destructive lesion centred on the posterior body, angle, and ramus of the left mandible with expansile soft tissue
extension. B, Grossly, the tumour has a tan—yellow soft cut surface. Areas of haemorrhage, bone destruction, and soft tissue extension are
evident. C, Histologically, the tumour is highly cellular, showing hybrid spindle (left) and epithelioid (right) cytological features. The spindle
cells form loose intervening fascicles, whereas the epithelioid cells contain eccentric nuclei and abundant eosinophilic cytoplasm. D, Scattered
tumour cells show marked nuclear pleomorphism (arrows). E, Nodal metastasis to regional cervical lymph nodes was present at the time of
primary resection. F-H, The tumour is diffusely positive for desmin (F) and ALK (G), and focally positive for MyoD1 (H). L], Fluorescence in-
situ hybridisation with custom break-apart probes for FUS (I) and TFCP2 (J) demonstrates split signals, in keeping with gene rearrangements

(red, centromeric; green, telomeric).

TREATMENT AND CLINICAL OUTCOME

Four patients had undergone lymph node sampling
or dissection at the time of initial diagnosis. Among
them, two (cases 1 and 7) had lymph node metastasis

© 2021 John Wiley & Sons Ltd, Histopathology

(Figure 1E). Additionally, one patient developed regio-
nal lymph node recurrence (case 3).

Six patients had follow-up data available. Among
them, three patients developed local recurrence 7,
10, and 11 months after the initial resection with
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Figure 2. A rhabdomyosarcoma with FUS-TFCP2 fusion originated in the superficial soft tissue of the neck. A, This hypercellular tumour
shows infiltrative growth within the dermis and subcutis. B-D, It is associated with areas of round (B), spindle (C), and epithelioid (D) mor-
phology. E, Rare cells are positive for myogenin. F,G, Desmin (F) and cytokeratin AE1/AE3 (G) are diffusely and strongly positive in this

tumour.

curative intent, two patients had incomplete initial
resection, and one patient was disease-free without
evidence of recurrence after 105 months.

Four patients received adjuvant chemoradiation
therapy, including three treated with a vincristine,
dactinomycin, and cyclophosphamide regimen and
one with a vincristine, dactinomycin, and ifosfamide
(VAI) regimen.

Four patients developed distant metastases to
bone (n=3) and/or lung (n=2), including two
patients with metastasis to other bones or lung
within a month of the initial presentation (cases 5,
8, and 9), and another patient developed metastases
to bone and lung 14 months after the initial resec-
tion (case 3).

Two patients died of their disease 20 and
21 months after the initial diagnosis. Both tumours
had FUS-TFCP2 fusions. A 16-year-old male patient
with a mandibular RMS died of local recurrence and
disease that was widely metastatic to the lung, lymph
node, and vertebra, and was unresponsive to
chemoradiation therapy with the VAI regimen (case
3); a 74-year-old woman with a maxillary tumour
died of local recurrence (case 7).

Discussion

A literature review of HNRMSs with TFCP2 fusions is
provided in Table 2. To date (including the current

© 2021 John Wiley & Sons Ltd, Histopathology
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study), 27 cases of HNRMS with TFCP2 fusions have
been reported.’>'* The tumours mostly affect young
adults but may also occur in elderly patients. The
median age at diagnosis is 25 years (range, 11-
74 years). Paediatric patients (defined as 21 years of
age or younger) account for 37% of all cases. There
is a slight male predominance, with a male/female
ratio of 1.25:1.>71%

All but one case (96%) had an intraosseous compo-
nent.” '* The mandible was the most common site of
the tumour. The bones affected, in descending order,
were the mandible (n = 10, 37%), the maxilla (n = 4,
15%), the skull (n =4, 15%), the sphenoid bone
(n =2, 7%), the occipital bone (n = 1, 4%), the palate
(n=1, 4%), the nasal cavity (n = 1, 4%), the orbito-
temporal-sphenoid bone (n = 1, 4%), the cranioverte-
bral junction (n =1, 4%), and the cervico-occipital
junction (n = 1, 4%).

We herein report the first case of HNRMS with
TFCP2 fusion occurring in the superficial soft tissue
of the neck/back without bone involvement as deter-
mined by radiological and histological examination.
This case represents the second extraskeletal TFCP2
fusion-positive RMS reported. The initial case
occurred in the inguinal soft tissue of an 86-year-old
male,” thus expanding the anatomical location of this
tumour beyond osseous sites.

Histologically, the majority of cases (20/27, 74%)
showed a mixed spindle and epithelioid pheno-
type.” 1* Pure epithelioid or spindle features were
present in four (15%) and two (7%) cases, respec-
tively. Two cases (7%) also contained round cell
morphology, either in its pure form (n=1) or
admixed with spindle and epithelioid areas (n = 1).
Herein, we also report two cases with marked
nuclear pleomorphism.

Immunophenotypically, all reported tumours
showed evidence of myogenic differentiation. The
rates of positivity for myogenin, MyoD1, and desmin
were 84% (21/25), 100% (25/25), and 92% (24/26),
respectively.” '* It is worth mentioning that the
extent of myogenin positivity may be limited, being
seen in rare tumour cells (n = 3) or focally (n = 12)
within the tumour. In contrast, MyoD1 immunoex-
pression and desmin immunoexpression were com-
monly more extensive or diffuse. Therefore, a
combination of immunohistochemical studies using
myogenin, MyoD1, and desmin may be needed in
small biopsy material to establish rhabdomyoblastic
differentiation.

RMSs associated with TFCP2 fusions are character-
istically positive for CK AE1/AE3, many with diffuse
and strong staining patterns. The rate of CK AE1l/
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AE3 positivity in this tumour is 88% (21/24).>1*
Epithelial membrane antigen and other keratins,
including CK7, CAM5.2, and CK5/6, can also be posi-
tive in this tumour. RMS with TFCP2 fusion joins an
expanding spectrum of mesenchymal tumours show-
ing keratin positivity (e.g. alveolar rhabdomyosar-
coma,'” adamantinoma-like Ewing sarcoma,’” and
mesenchymal tumour with GLII alteration®'), chal-
lenging the traditional view that keratin positivity
can distinguish epithelial neoplasms from mesenchy-
mal tumours.

Overexpression of ALK has been detected at the
transcriptional and protein levels in RMSs with
TFCP2 fusions.” Among the 26 reported HNRMSs
with TFCP2 fusions and with ALK immunostaining
results, 23 (88%) were shown to be immunohisto-
chemically positive for ALK, including 20 cases with
diffuse staining patterns.> *

In our cohort, 43% (3/7) of tumours showed intra-
genic deletion of ALK. Similarly, Wong et al. reported
a large ALK deletion skipping exons 1-16.'° Using
array comparative genomic hybridisation (aCGH), Le
Loarer et al.” also showed that TFCP2 fusion-positive
RMSs frequently harbour coexisting ALK genomic
deletions. Together, these data suggest that the
observed overexpression of ALK may be a result of a
truncated isoform originating from intragenic deletion
of ALK.

Given the presence of ALK up-regulation in this
tumour, ALK inhibitors that suppress kinase activity
have been used as potential targeted therapies in two
patients harbouring RMSs with TFCP2 fusions.'!'*
The treatment effects were inconclusive: one patient
had no response to crizotinib treatment,'' whereas
the other showed a partial response and stable dis-
ease when treated with radiation therapy and the
ALK inhibitors crizotinib, alectinib, and lorlatinib,
after two cycles of vincristine, doxorubicin, cyclophos-
phamide, ifosfamide, and etoposide chemotherapy
had failed."*

The fusion partners for HNRMS with TFCP2
translocation are FUS (in our cohort, 7/11, 64%; in
all reported cases, 18/27, 67%) and EWSR1 (in our
cohort, 4/11, 36%; in all reported cases, 9/27,
33%).>'* TFCP2 encodes the LSF oncoprotein, which
is a transcription factor that functions as a coactiva-
tor for YAP, a key transcription factor downstream of
the Hippo and Wnt signalling pathway.’*?® LSF
overexpression has been observed in multiple cancers,
e.g. hepatocellular, breast, pancreatic, and colorectal
carcinomas, and is associated with a poor progno-
sis.?>%* Factor quinolinone inhibitors (FQIs), which
constitute a family of small-molecule inhibitors of
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LSF, was recently identified to inhibit tumour growth
of hepatocellular carcinoma in vitro and in animal
models.”? It remains to be determined whether
patients with RMSs with TFCP2-based translocations
will benefit from targeted FQI strategies.

MEIS1-NCOA2 fusion, a molecular event that has
recently been described in intraosseous RMS,” has
not been reported in intraosseous HNRMS (including
our cohort).

We found CDKN2A deletion in all cases tested with
the MSK-IMPACT NGS platform, confirming the ini-
tial results of CDKN2A homozygous deletion in
TFCP2 fusion-positive RMS found by Le Loarer et al.
using an aCGH platform.”

Like other types of RMS, in particular alveolar
RMS,#>2¢ RMS with TFCP2 fusion has the potential
to spread both lymphatically to regional lymph nodes
and haematogenously to distant sites, such as the
lung and other bones. Among the 19 patients with
TFCP2-translocated HNRMS with metastasis data
available in the literature,’'* four (22%) patients
developed regional lymph node metastasis and nine
(47%) developed distant metastases to other bones
and/or the lungs. Overall, HNRMS with TFCP2 fusion
has a dismal prognosis. Among the 19 patients with
documented  relatively  short  follow-up  (1-
108 months), nine (47%) suffered disease-related
death.>'* The 1- and 2-year disease-specific survival
rates of patients with HNRMS with TFCP2 fusion cal-
culated on the basis of reported cases with follow-up
data are 74% and 35%, respectively.’ '*

Conclusions

HNRMS with TFCP2-related fusions is a rare RMS
subtype, with a predilection for skeletal involvement,
in particular for the mandibular and maxillary bones.
Although this genetic alteration appears to be prone
to develop within the bone microenvironment, we
also report herein a TFCP2 fusion-positive HNRMS
originating in the superficial soft tissue. The tumours
show unique pathological characteristics, including
their mixed spindle and epithelioid morphology and
polyphenotypic immunoprofile, that distinguish them
from other spindle cell RMS molecular variants. These
distinct pathological and molecular features are in
support of a novel, stand-alone RMS genetic category,
separate from all other histological subtypes. The clin-
ical impact of ALK overexpression remains undeter-
mined, as the underlying recurrent genetic alteration
consists of large intragenic deletions, which spare
ALK kinase domain. Moreover, associated CDKN2A

deletions were detected in all cases tested, and may
contribute to its aggressive pathogenesis. The limited
follow-up available showed its propensity for distal
and regional lymph node metastasis, and a dismal
outcome.
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