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Infantile Rhabdomyosarcomas With VGLL2
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Abstract: VGLL2-rearranged rhabdomyosarcomas (RMS) are rare
low-grade tumors with only favorable outcomes reported to date. We
describe 4 patients with VGLL2-rearranged RMS confirmed by
molecular studies, who experienced local progression and distant

metastases, including 2 with fatal outcomes. Tumors were diagnosed
at birth (n=3) or at 12 months of age (n=1), and were all localized at
initial diagnosis, but unresectable and therefore managed with che-
motherapy and surveillance. Metastatic progression occurred from
1 to 8 years from diagnosis (median, 3.5 y). Three patients experienced
multimetastatic spread and one showed an isolated adrenal metastasis.
At initial diagnosis, 3 tumors displaying bland morphology were
misdiagnosed as fibromatosis or infantile fibrosarcoma and initially
managed as such, while 1 was a high-grade sarcoma. At relapse,
3 tumors showed high-grade morphology, while 1 retained a low-
grade phenotype. Low-grade primary tumors showed only very focal
positivity for desmin, myogenin, and/or MyoD1, while high-grade
tumors were heterogenously or diffusely positive. Whole-exome se-
quencing, performed on primary and relapse samples for 3 patients,
showed increased genomic instability and additional genomic alter-
ations (eg, TP53, CDKN2A/B, FGFR4) at relapse, but no recurrent
events. RNA sequencing confirmed that high-grade tumors retained
VGLL2 fusion transcripts and transcriptomic profiles consistent with
VGLL2-rearranged RMS. High-grade samples showed a high
expression of genes encoding cell cycle proteins, desmin, and some
developmental factors. These 4 cases with distinct medical history
imply the importance of complete surgical resection, and suggest that
RMS-type chemotherapy should be considered in unresectable cases,
given the risk of high-grade transformation. They also emphasize the
importance of correct initial diagnosis.

Key Words: pediatric cancer, rhabdomyosarcoma, congenital
rhabdomyosarcoma, infantile rhabdomyosarcoma, spindle-cell
rhabdomyosarcoma, VGLL2, NCOA2, CITED2
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Congenital/infantile sclerosing and spindle-cell rhabdomyo-
sarcomas (ssRMS) with VGLL2 and/or NCOA2 rearran-

gement represent a rare distinct subtype of rhabdomyosarcoma
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(RMS).1,2 All cases reported to date in the literature for which
follow-up data are available (n=19, median follow-up: 29mo)
have shown favorable outcomes and no metastatic events have
been described.1–6 Conversely, we identified 4 cases of VGLL2-
rearranged RMS with several years’ follow-up that showed
metastatic progression, including death due to the disease in 2
cases. We show that disease progression may be accompanied
by sarcomatous high-grade transformation. We also describe
whole-exome sequencing (WES) and whole-transcriptome
sequencing (RNA sequencing [RNA-seq]) findings in these
tumors, both at diagnosis and upon progression.

METHODS

Patients’ Clinical and Pathologic Data
The 4 patients were diagnosed between 2011 and 2018,

and were treated in France and in Belgium. Clinical data were
extracted from medical records. Diagnostic pathology slides
were retrieved from respective pathology departments and
centrally reviewed. Informed written consent for WES and
RNA-seq was obtained from parents of the 3 children for
whom it was performed (2 as part of the European Precision
Medicine Pediatric Oncology Program MAPPYACTS, trial
reference: NCT02613962, institutional review board approval
reference: 2015-A00464-45, and 1 in a systematic diagnostic
setting).

WES and Analysis
WES was performed on fresh-frozen tissue from 3

primary tumor samples and 4 relapsed tumor samples from
three patients, and on matched normal DNA (blood). WES
for 2 tumor samples at relapse was performed as part of
MAPPYACTS and for all the other samples, as part of this
research study. DNA was extracted from cells after 2-hour
treatment with proteinase K and 1 hour with RNAse A, using
the phenol/chloroform and Phase Lock Gel Light procedure
(Eppendorf, Hamburg, Germany); 500 ng to 1 µg of DNA
was used to prepare 100 bp paired-end multiplexed WES li-
braries following the SureSelect Agilent-XTHS Clinical re-
search V2 protocol (Agilent Technologies, Carlsbad, CA).
Libraries were sequenced on the NextSeq 500 System
(Illumina Inc., San Diego, CA) at a target coverage depth of
30× for germline and 100× for somatic DNA. Following
sequencing, raw reads were mapped to the reference human
genome assembly GRCh37/hg19. Bowtie2 (2.1.0) was used
for global alignment allowing one mismatch in a seed size of
22; only the best alignment was kept. Following GATK best
practices, BAM files were cleaned with Picard (2.18.13:
SortSam, MarkDuplicates, and AddOrReplaceReadGroups)
and GATK (3.8-1-0: RealignerTargetCreator, IndelRealigner,
BaseRecalibrator, and PrintReads). Coverage was analyzed
with GATK DepthOfCoverage using 20 as base quality and
6 as mapping quality, as used for variant calling. Variants
were called with GATK (3.8-1-0) HaplotypeCaller and Uni-
fiedGenotyper with the same quality parameters mentioned
before. The results of calling were combined, taking prefer-
entially the output of HaplotypeCaller in case of variants
called by both tools. The variants were annotated with
annovar-2018Apr16 (RefSeq, COSMIC v86, 1000g2014Oct,

Esp6500si, ljb26_all). Variants with frequency >0.1%, in the
general population, a low Phred quality score (<30), located
within intronic regions (except splice acceptor and donor sites)
or synonymous (except those with a COSMIC ID) were fil-
tered out. Copy number profiles were generated with a com-
bination of VarScan (v2.4.3) and DNAcopy (v1.52.0),
FREEC and Sequenza (v3.0.0). Following variant calling,
images for all variants were generated with IGV (v2.4.14) and
were visually inspected, reviewed, and validated by clinical
biologists.

RNA-seq and Analysis
RNA-seq was performed on 3 primary tumor sam-

ples and on 4 relapsed tumor samples from 3 patients; it
was performed as part of MAPPYACTS for 2 samples, as
part of an institutional project for characterizing un-
classified sarcomas for 3 samples,7 as part of this study for
1 sample, and as part of a diagnostic workup for 1 sample.
Total RNA was extracted from fresh-frozen tumor tissue
with the Trizol/chloroform method (Thermo Fisher Sci-
entific, Carlsbad, CA) and qualified with fragment anal-
ysis by TapeStation 4200 (Agilent Technologies).
Libraries were prepared with TruSeq mRNA stranded li-
brary kits (Illumina Inc.). To start with 1 µg total RNA
per sample was purified, reverse transcribed, fragmented,
indexed and amplified to make RNA libraries. Libraries
were sequenced over 2×150 bp with a 500 High Output v2
on NextSeq. 500 (Illumina Inc.). Expression data were
generated using Star Aligner (V2.5.3a) and count matrixes
using FeatureCount (V1.6.0). The count matrixes were
normalized as transcripts per million. Data were used for
clustering analysis (Ward method and Spearman or
Pearson correlation with or without internal quantile
range) and for boxplot generation. For principal compo-
nent analysis, genes with at least 0.5 transcripts per million
in 20% of all samples were kept for further analysis.
Analyses were performed in R software and clustering by
principal component analysis was performed with the
prcomp function. Fusion analysis was performed from
fastq files with 2 approaches: (1) a targeted analysis using
dedicated reference fusion sequences implemented with
known fusions of each tumor type and (2) an exploratory
analysis using 5 fusion finder tools (TopHat fusion v2.0.6,
Defuse V0.6.0, StarFusion V2.5.3, Fusion Catcher v1.00,
and FusionMap). Both approaches were combined for
interpretation of results.

CLINICAL CASES

Patient 1
This boy (Fig. 1A) was born in 2012 at term after a

spontaneous dizygotic twin pregnancy. A localized right
shoulder mass was detected on antenatal ultrasound. The
twin sister was and remains healthy. Magnetic resonance
imaging (MRI) performed on day 2 of life showed a well-
defined soft-tissue mass of the right upper arm and the
axillary region with neurovascular encasement, measuring
90mm in largest tumor diameter (Fig. 1B). Core needle
biopsy of the mass on day 5 of life showed a moderately
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FIGURE 1. Clinical history and selected imaging for patient 1. A, Clinical timeline. B, Coronal proton density–weighted fat-saturated MRI at
diagnosis, showing a soft-tissue mass of the right shoulder girdle. C, Coronal T1-weighted contrast-enhanced MRI, showing the residue
(arrow) with tumor progression in the upper portion of the lesion (asterisk). D, Whole-body 18F-FDG PET images at 3 different timepoints;
left: upon local progression on the IVA regimen—moderate uptake of the right shoulder lesion, maximum standardized uptake value
(SUVmax)=3.6;middle: after 3 doses of carboplatin-etoposide—excellent metabolic response with resolution of uptake, barely distinguishable
from the surrounding background, SUVmax=1.4; right: 3 months later—local progression with a highly metabolic lesion of the right shoulder
area, SUVmax=11, and homolateral supraclavicular lymph node extension. E, Coronal computed tomography image showing bilateral lung
metastases. Atz indicates atezolizumab; Car-VP16, carboplatin-etoposide; CPT-VCR, irinotecan-vincristine; Endo-Dox, endoxan-doxorubicin;
IVA, ifosfamide-vincristine-actinomycin D; IVADo, ifosfamide-vincristine-actinomycin D-doxorubicin; LP, local progression; MTX-VBL,
methotrexate-vinblastine; VBL, vinblastine.
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cellular, fascicular lesion composed of spindle cells arranged in
a fibrous stroma, without nuclear atypia or mitotic activity. A
multiplex reverse transcription-polymerase chain reaction (RT-
PCR) panel performed at the time (Supplemental Digital
Content 1—Table ST1, http://links.lww.com/PAS/B96) was
negative for common sarcoma-associated fusion transcripts.
Thus, diagnosis of congenital fibromatosis was favored. A
limb-sparing surgical resection was not possible because of the
invasion of the shoulder girdle and the neurovascular bundle.
Because of severe shoulder limitation, chemotherapy with
methotrexate-vinblastine was initiated, but was discontinued
after 3 months due to poor hematologic tolerance and no
significant tumor volume decrease. The residual mass remained
stable in volume throughout several years, and evolved into a
fibrous soft-tissue residue. However, at 3 years of age, a volume
increase, associated with a higher T2 signal and heterogenous
contrast uptake of the upper portion of the tumor residue was
observed (Fig. 1C). Biopsy of the upper portion of the shoulder
mass showed different features from the initial sample, with
obvious high-grade sarcomatous transformation (ie, a highly
cellular tumor composed of spindle to round tumor cells
arranged in sheets, showing severe nuclear atypia and
numerous mitoses). RNA-seq performed on the initial
diagnostic biopsy and on the biopsy at progression identified
an identical VGLL2-NCOA2 fusion transcript (exon 2 to exon
13) in both samples. The patient was treated with several
chemotherapy regimens, including conventional alkylating
agent-anthracycline regimens, which resulted in partial
response, followed by progression (Figs. 1A, D). Local
progression was observed on treatment with the anti–
programmed death-ligand 1 antibody atezolizumab during
3 months within a clinical trial (NCT02541604).8 Fifteen
months after the onset of locoregional progression, the patient
suffered metastatic extension to the lungs (Fig. 1E). His health
condition deteriorated rapidly, and the boy deceased
5 months later.

Patient 2
This girl (Fig. 2A) was born in 2011 at term, after

normal antenatal ultrasounds. At birth, physical examination
showed a mass on the left arm. MRI (Fig. 2B) objectified a
heterogenous soft-tissue mass of the left arm and the axillary
region, measuring 80mm in largest diameter, infiltrating the
glenohumeral joint and encasing the axillary neurovascular
bundle. Core needle biopsy showed a spindle-cell tumor with
focal atypia and focal positivity for smooth muscle actin. The
initially favored diagnosis was infantile fibrosarcoma, but no
ETV6 rearrangement was found by fluorescence in situ
hybridization, and a multiplex RT-PCR panel performed at
that time (Supplemental Digital Content 1—Table ST2, http://
links.lww.com/PAS/B97) was negative for sarcoma-associated
fusion transcripts. The subsequently performed RNA-seq
showed a VGLL2-NCOA2 fusion transcript (exon 2 to exon
13) and the tumor was reclassified asVGLL2-rearranged RMS.
The tumor was localized, but considered unresectable and the
patient was initially observed. At 3 months of age, the mass
had increased in size to 120mm, with abolished upper limb
mobility. The patient received chemotherapy with vincristine-
actinomycin D for 12 months. An evolution toward fibrosis

was observed, but with only a slight decrease in tumor size and
the mass remained unresectable. The mass remained stable for
several years. At the age of 8 years, pain symptoms and tumor
volume increased (Fig. 2C). Fluorine-18 fluorodeoxyglucose
positron emission tomography/computed tomography
(18F-FDG PET/CT) showed hypermetabolism of the
shoulder tumor (maximum standardized uptake value=6.9),
hypermetabolic regional supraclavicular lymph nodes, multiple
bone lesions in the vertebra, pelvis and scapulae and lung
metastases (Fig. 2D). Surgical biopsy of the shoulder mass
showed histologic features different from the initial biopsy with
increased cellularity, marked nuclear pleomorphism, high
mitotic activity, and tumor necrosis. The patient was started
on chemotherapy with the vincristine-doxorubicin-
cyclophosphamide/ifosfamide-etoposide (VDC/IE) regimen,
showing partial radiologic and complete metabolic response
of the primary mass and metastases after 7 cycles. She currently
remains on treatment 7 months after treatment initiation.

Patient 3
This girl born in 2017 presented at 12 months of age,

after an uneventful neonatal period, with a painless right
dorsal paravertebral mass. MRI showed an intramuscular
mass measuring 60mm in largest dimension, with intra-
thoracic extension, minimal intracanalar extension, and ero-
sion of nearby vertebrae resulting in T3 and T4 vertebrae
planae. Biopsy showed a spindle-cell neoplasm with atypia
and numerous mitoses, strong and diffuse expression of
MyoD1, and patchy positivity for myogenin; it was negative
for FOXO1 rearrangement and MYOD1 mutation. A
VGLL2-CITED2 fusion transcript (exon 2 to exon 2) was
detected by RNA-seq on formalin-fixed, paraffin-embedded
material. Chemotherapy with ifosfamide-vincristine-actino-
mycin D (IVA) was started at 14 months of age for a total of
9 cycles, achieving complete radiologic response onMRI after
6 cycles, and was followed by maintenance chemotherapy
with low-dose vinorelbine-cyclophosphamide. No local treat-
ment was performed because of complete local response and
young age limiting radiotherapy. During the third cycle of
maintenance treatment, at 24 months of age, the child pre-
sented local relapse, with an intramuscular dorsal mass
measured at 45mm and showing heterogenous enhancement
on MRI. A new biopsy identified a high-grade RMS with an
elevated Ki-67 index (50%). Salvage chemotherapy with the
VIT regimen (vincristine-irinotecan-temozolomide) was start-
ed, resulting in stable disease, followed by proton therapy for
a total dose of 41.4 Gy and VAC (vincristine-D actinomycin-
cyclophosphamide) regimen, with minor response. Complete
surgery of the residual disease was performed next and
showed viable tumor cells on the resection specimen. VAC
chemotherapy was resumed 1 month after surgery, but after
one cycle (at 2 y and 8mo of age), the child showed rapid
clinical deterioration, leading to the discovery of multiple lung
metastases, and died of disease 1 month later.

Patient 4
This girl born in 2015 presented at birth with

right inferior limb monoplegia. MRI demonstrated a
left lumbar paravertebral soft-tissue mass with left
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retroperitoneal and intracanalar extension (dumbbell tumor)
(Supplemental Digital Content 2—Fig. S1, http://links.lww.
com/PAS/B98). Core needle biopsy showed a spindle-cell
tumor infiltrating the muscle, without atypia or mitoses.
Focal positivity for desmin and myogenin was noted. A
multiplex RT-PCR panel performed at the time

(Supplemental Digital Content 1—Table ST1, http://links.
lww.com/PAS/B96) was negative for common sarcoma-as-
sociated fusion transcripts, and diagnosis of fibromatosis was
initially favored. The patient received steroids, but the tumor
increased in size. Chemotherapy with methotrexate-vinblas-
tine led to tumor stabilization. At 10 months of age, the

FIGURE 2. Clinical history and selected imaging for patient 2. A, Clinical timeline. B, Axial oblique T2-weighted MRI, centered on the axillary
region, shows a soft-tissue mass of left arm and axillary region encasing the axillary neurovascular bundle (arrow). C, Axial T1-weighted
contrast-enhanced MRI, showing tumor progression in the upper portion of the lesion (asterisks). D, Whole-body 18F-FDG PET/CT images
showing an intense metabolic uptake of the primary left shoulder lesion associated with locoregional axillary lymph node extension,
pulmonary metastases, and diffuse bone infiltration. 18F-FDG PET/CT indicates luorine-18 fluorodeoxyglucose positron emission tomography/
computed tomography; LP, local progression; VCR-Act D, vincristine-actinomycin D; VDC/IE, vincristine-doxorubicine-cyclophosphamide/
ifosfamide-etoposide.
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patient underwent partial excision of the mass (R2: resection
with gross residual disease) and RNA-seq showed a
VGLL2-NCOA2 fusion transcript (exon 3 to exon 13). Di-
agnosis was therefore corrected to ssRMS. The patient did
not receive further adjuvant chemotherapy and was placed
on active surveillance. At the age of 4 years, a new lesion of
the left adrenal gland appeared while the remaining primary
tumor was stable. 18F-FDG PET/CT tomography showed
hypermetabolism of the new adrenal mass, no hyper-
metabolism of the residual primary, and no other distant
lesion. Coelioscopic biopsy confirmed a metastatic ssRMS
with a VGLL2-NCOA2 fusion transcript on RNA-seq. The
patient received 3 cycles of IVA, leading to a 78% decrease in
adrenal lesion and no change of the primary tumor residue
on MRI. She then underwent surgical resection of the
adrenal lesion (complete resection, R0) and of the residual
primary tumor (microscopically positive margins, R1),
followed by 4 additional cycles of IVA and by radiation
treatment to the adrenal tumor bed (50.4Gy in 28 fractions).
She remains in second complete remission 8 months after
surgery.

HISTOMORPHOLOGY
Pathology features of the primary tumors and tumors at

relapse are compared in Figure 3. In patients 1 and 2, the
primary tumor displayed the classic low-grade spindle-cell
morphology of ssRMS; conversely, samples at relapse in
patients 1 and 2 showed features of high-grade transformation:
increased cellularity, nuclear pleomorphism, and brisk mitotic
activity; extensive tumor necrosis was also seen in the relapse of
patient 2. In patient 3, high-grade sarcomatous morphology
was seen both at diagnosis and upon relapse. Last, in patient 4,
both primary tumor and metastasis showed bland low-grade
morphology, with no histologic evidence of high-grade
transformation in the adrenal metastasis.

IMMUNOHISTOCHEMISTRY
All tumor samples (primary and relapse) from the 4

patients showed some degree of positivity for rhabdo-
myoblastic markers (desmin, myogenin, and/or MyoD1),
but the intensity and extent of these stainings varied
greatly between samples. Immunohistochemistry (IHC)
results for all samples are summarized in Table 1.
Representative stainings are shown in Figures 4 and 5.

GENOMIC AND TRANSCRIPTOMIC FINDINGS
WES was performed for patients 1, 2, and 4 on

primary tumors and tumors at relapse.
The 3 primary samples with low-grade morphology

showed remarkable genomic stability (Fig. 6), with genomic
indexes (GIs) of GI=2, GI=3 and GI=1, respectively.
Conversely, samples after high-grade progression acquired
copy number alterations and showed an increased GI (patient 1
—relapse 1: GI=12.5, patient 1—relapse 2: GI=18.8, patient
2—relapse: GI=57.3), and whole-genome duplication was
seen in the relapse sample of patient 2. Interestingly, some
degree of genomic instability was also observed in the meta-
static sample of patient 4 (GI=5.3), despite the lack of mor-

phologic high-grade transformation. The tumor mutation
burden was extremely low in all samples (<1 variant/Mb in
every sample), including high-grade samples (Supplemental
Digital Content 1—Table ST3, http://links.lww.com/PAS/B99).

WES did not identify a common genomic event as-
sociated with disease progression across all patients.
However, several genomic alterations in known or puta-
tive cancer genes, specific to each patient, were detected.

In patient 1 (Supplemental Digital Content 1—Tables
ST4, http://links.lww.com/PAS/B100 and ST5, http://links.lww.
com/PAS/B101), relapse 2 showed a homozygous CDKN2A/B
deletion, while no CDKN2A/B copy number alterations were
seen in the primary tumor sample or in relapse 1. In addition,
we observed a heterozygous p.Asn535Asp missense mutation
in FGFR4 (in relapse 2 only), a heterozygous p.Gln36* stop
gain in SETD2 (in relapses 1 and 2), a heterozygous p.Leu649*
frameshift in SDHA (in relapse 1 only), a heterozygous p.
Gln485* stop gain in SMC1B (in relapse 2 only), and several
other alterations.

In patient 2, a homozygous deleterious TP53 p.
Gly245Ser hotspot mutation (variant allele fraction [VAF]=
87.8%) was observed in the sample at relapse, but not in the
primary tumor (even at low VAF). Other alterations specifi-
cally found at relapse, but not in the primary tumor sample,
included a homozygous p.Leu131Trp mutation in CTNNA1,
a homozygous deletion of FBXW10, loss of heterozygosity of
the germline NF1 p.Arg2637Gln variant of unknown sig-
nificance, and several other alterations (Supplemental Digital
Content 1—Tables ST6, http://links.lww.com/PAS/B102 and
ST7, http://links.lww.com/PAS/B103).

In patient 4, a heterozygous c.3609insT frameshift
mutation in RANBP2 was seen in the relapse sample, but
not in the primary tumor sample, alongside a few other
alterations (Supplemental Digital Content 1—Tables ST8,
http://links.lww.com/PAS/B104 and ST9, http://links.lww.
com/PAS/B105).

No mutations were detected in the MYOD1 gene in
any of the samples, even at low VAF.

The existence of common breakpoints and common
SNVs in primary samples and in samples at relapse for
each patient further supported relatedness between dif-
ferent samples in each patient.

Unsupervised RNA-seq-based cluster analysis of
samples from this study and of 98 other tumor samples
(soft-tissue spindle-cell tumors and/or RMS), confirmed
that all VGLL2-rearranged RMS samples formed a dis-
tinct transcriptomic cluster (Fig. 7A). Importantly, tumors
after high-grade transformation continued to cluster
within the VGLL2-rearranged RMS group. However,
primary tumor samples with low-grade morphology
were more closely related to one another than to their
matched high-grade relapse samples. Concordant results
were obtained with the principal component analysis
(Supplemental Digital Content 2—Supplementary Fig. S2,
http://links.lww.com/PAS/B106).

Last, we queried trends in gene expression levels for
selected genes related to proliferation, RMS phenotype,
and/or embryonic development in samples from this study
and other tumor types (Fig. 7B, Supplemental Digital
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Content 2—Supplementary Fig. S3, http://links.lww.com/
PAS/B107). The 3 VGLL2-rearranged RMS samples with
high-grade morphology showed a tendency toward high

expression of DES (desmin), VGLL2 and NCOA2. They
also displayed relatively high expression of genes related
to cell cycle progression, including genes encoding cyclins

FIGURE 3. Comparative pathology findings at diagnosis and at relapse. Representative pathology images of tumors at diagnosis and upon
progression are shown for the 4 patients. Patients 1 and 2: bland, spindle-cell morphology at initial diagnosis and high-grade morphology
at progression; patient 3: high-grade morphology in both the primary tumor and the tumor at progression; patient 4: bland spindle-cell
morphology in both the primary tumor and the adrenal metastasis. Hematoxylin-eosin-saffron stain (scale bar: 50 µm).
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FIGURE 4. IHC findings in samples from patient 1. Scale bar: 50 μm.

TABLE 1. Summary of IHC Findings
Patient 1 Patient 2 Patient 3 Patient 4

Primary Relapse Primary Relapse Primary Relapse Primary Metastasis

IHC Marker Low Grade High Grade Low Grade High Grade High Grade High Grade Low Grade Low Grade

Desmin − ++ + +++ +++ +++ − ++
Myogenin +/− + ++ +++ +++ +++ + ++
MyoD1 + + NA NA +++ +++ NA ++
Ki-67 15%-20% 70% 20% NA NA NA 20% NA
SMA − − + +++ NA NA NA ++
h-caldesmon − − NA NA NA NA NA −
S100 − − − − NA NA − −
CD34 − − − − NA NA NA NA
Pankeratin − − − − NA NA NA NA

− indicates negative; +/−, very rare positive cells; +, focal positivity; ++, heterogenous (patchy) positivity; +++, diffuse positivity; NA, not performed or not available; SMA, smooth
muscle actin.
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(CCNA2, CCNB1) and Aurora kinases (AURKA,
AURKB). In addition, they showed a tendency toward
high expression of several transcription factors related to
cell fate determination (eg, SOX15, PAX6, FOXP2), and
relatively low expression of some other morphogenic fac-
tors (eg, BMP6).

Of note, based on the cluster analysis and on the
expression levels of selected genes, the metastatic sample
from patient 4 (which retained low-grade morphology)
showed transcriptomic features that were somewhat in-
termediate between low-grade primary samples and sam-
ples on high-grade relapse (Figs. 7A, B).

DISCUSSION
Despite their shared rhabdomyoblastic phenotype,

RMS represent a heterogenous group of tumors, which
encompasses well-characterized subtypes—embryonal
RMS and alveolar RMS—and also emerging entities.9

As such, sclerosing and spindle cell RMS were recognized
as a stand-alone RMS subtype by the WHO 2013 classi-
fication and confirmed in the WHO 2020 classification.10

Recent molecular advances allowed to subdivide this
subgroup even further, by identifying at least 3 distinct
entities: ssRMS with MYOD1 mutations, ssRMS with
rearrangements of vestigial-like family member 2
(VGLL2) and/or nuclear receptor coactivator (NCOA2),
and intraosseous spindle cell RMS with TFCP2 or

NCOA2 rearrangements. RMS with MYOD1 mutations
can be seen at any age above 1 year and follow an ag-
gressive clinical course.9,11 Conversely, RMS with VGLL2
and/or NCOA2 rearrangements are mainly congenital or
diagnosed in infants and are classically thought to show
good prognosis, with no unfavorable outcomes reported
to date.1–6 Transcriptome-based cluster analyses further
support the fact that ssRMS with VGLL2 and/or NCOA2
rearrangements are distinct from other types of RMS6,7

(Fig. 7A).
The classically described pathology features of

ssRMS with VGLL2 and/or NCOA2 gene rearrangements
include low-grade spindle-cell morphology with fascicular
and sometimes herringbone architecture, and relatively
uniform tumor cells, showing elongated, “wavy” nuclei
with fine chromatin, occasional hyperchromasia and in-
conspicuous nucleoli1,2 (Supplemental Digital Content 2—
Supplementary Fig. S4, http://links.lww.com/PAS/B108).
Tumor cells do not display significant pleomorphism or
anaplasia, although some mitotic activity may be seen.3,5

They tend to infiltrate within the skeletal muscle,2 which
was also observed in our cases, and to encase neurovascular
structures (Fig. 1B, 2B). Detection of a fusion transcript
associated with this subtype supports the diagnosis.
VGLL2, which encodes a transcriptional cofactor of
skeletal muscle differentiation,12 is the most frequently
reported 5′ partner, followed by TEAD1 and SRF. NCOA2
and CITED2 are the 2 possible 3′ partners described to

FIGURE 5. IHC findings in samples from patient 2. Scale bar: 50 μm.
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date; they encode transcriptional coactivators.13 No
morphologic differences seem to exist between ssRMS
with those different fusion types2 and it is yet unknown
whether they show biological singularities. However, the

VGLL2-NCOA2 fusion is sufficient for tumorigenesis in a
zebrafish model.14 Of note, some of the above genes are
also implicated in fusion events in other types of RMS,
albeit with different partners.15–17

FIGURE 6. Comparative tumor copy number variation profiles at diagnosis and at relapse as assessed by WES in tumor samples
from patients 1 (A), 2 (B), and 4 (C).
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Survival data in ssRMS reported before the discov-
ery of VGLL2/NCOA2 rearrangements and MYOD1
mutations are difficult to interpret.18,19 In more recent
studies, follow-up information was available for 19 cases

of ssRMS with a documented VGLL2 and/or NCOA2
rearrangement2–6 (Supplemental Digital Content 1—
Tables ST10, http://links.lww.com/PAS/B109). With a
median follow-up of 29 months (range, 7 mo to 13 y), 2

FIGURE 7. Transcriptomic findings (RNA-seq) in tumors from patients 1, 2, and 4. A, Unsupervised cluster analysis, including
VGLL2-rearranged RMS (7 samples from this study and 4 other samples) and several other types of soft-tissue spindle-cell tumors
and/or RMS. B, Expression levels (log2TPM) of selected genes in samples from this study and in several other tumor types; boxplot
representation (median, SD). The asterisk indicates the low-grade metastatic sample from patient 4. B indicates botryoid; RMS;
Emb, embryonal RMS; IQR, interquartile range; MesChondroS, mesenchymal chondrosarcoma; Myo, MYOD1-mutated RMS; NS,
morphology not specified (not available); T, RMS with TFCP2 fusions.
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patients experienced local recurrence,2 but no metastatic
events were reported, and all patients were alive with no
evidence of disease at follow-up. Three additional, un-
published patients with VGLL2-rearranged RMS were
identified in our institution’s database (Supplemental
Digital Content 1—Table ST11, http://links.lww.com/
PAS/B110); they showed favorable outcome with no
metastatic events and no evidence of disease at follow-up
(between 5 and 7 y). Overall, previous observations im-
plied that these tumors carry a favorable prognosis, and
some authors argued that patients with this tumor type
could potentially be spared aggressive multimodal treat-
ments, especially given the very young age at diagnosis.

In contrast to the above cases, we report for the first
time 4 patients diagnosed with VGLL2-rearranged RMS
who experienced local progression followed by distant
metastases, including 3 cases with multimetastatic spread
and 2 with a fatal outcome. Local progression manifested
as the appearance of a new, rapidly growing mass
emerging from the “latent” primary tumor (Fig. 1C, 2C)
and was accompanied by histologic high-grade
transformation (Supplemental Digital Content 2—
Supplementary Fig. S5, http://links.lww.com/PAS/B111
in 2 patients. Of note, such progression could occur after
prolonged clinical stability of the residue, as long as
8 years (patient 2). Metastatic sites included the lung,
bone, lymph nodes, and the adrenal gland.

Two important differences in terms of clinical
management need to be emphasized between these 4 dis-
tinct cases with negative outcome, and the previously
published and unpublished cases with favorable outcome
(Supplemental Digital Content 1—Tables ST10, http://
links.lww.com/PAS/B109 and ST11, http://links.lww.com/
PAS/B110). First, 12 of the 13 patients reported in the
literature for whom this information was available, and 3
additional unpublished patients with favorable outcomes,
underwent surgical resection of the tumor, with R0 or R1
margins (ie, no gross residual disease) achieved in most
cases. Conversely, in all 4 patients reported herein, the
primary tumor was initially considered unresectable. Sec-
ond, most patients reported in the literature, and the 3
unpublished patients, had received RMS-type chemo-
therapy (VAC/IVA); conversely, 3 of the 4 patients from
our study were initially treated with other, potentially
suboptimal regimens, due to their tumors being at first
misdiagnosed as benign or low-grade entities. Although
these data need to be interpreted with caution due to the
small sample size, they could imply the importance of
complete surgical excision in VGLL2-rearranged RMS,
and suggest that RMS-type chemotherapy should be
considered in cases that are deemed unresectable. Im-
portantly, resection may not always be possible without
mutilating surgery, due to the propensity of these tumors
to vast locoregional extension, as illustrated in this study.

Another essential point raised by these observations
is the importance of achieving a correct initial diagnosis.
Pathologists should be aware that VGLL2-rearranged
RMS may display a spectrum of morphologies,2,7 which
can range from a deceptively bland, fibromatosis-like

appearance (eg, patient 1—primary) to high-grade sarco-
ma. Differential diagnoses in this age group include in-
fantile fibromatosis, myofibroma/myofibromatosis and
infantile fibrosarcoma.20,21 Positivity of rhabdomyoblastic
markers desmin, myogenin, and/or MyoD1 on IHC may
be helpful in diagnosing ssRMS, and MyoD1 has been
suggested to show the highest sensitivity in this setting.9

However, these markers are often only focally positive in
ssRMS, which can be problematic on core needle biopsy.
Accordingly, the 3 low-grade primary samples from our
cohort (patients 1, 2, and 4) showed only focal positivity for
those markers (Table 1, Figs. 4, 5). Two of these cases were
initially misdiagnosed as fibromatosis, and one as infantile
fibrosarcoma (although in 2 cases, the initial diagnosis predated
the description of VGLL2-rearranged RMS as an entity in the
literature). Although a relatively elevated Ki-67 index (around
20% in our cohort) could raise suspicion of ssRMS as opposed
to fibromatosis or myofibroma, interpretation of
Ki-67 is difficult in the neonatal period, as it can be
physiologically elevated in various tissues, and its potential
utility in this setting needs to be validated in a larger cohort.
Overall, these examples advocate the use of systematic
molecular testing in pediatric mesenchymal tumors as part of
the diagnostic workup, even if microscopic presentation is
seemingly straightforward, with the potential of confirming the
proposed diagnosis, amending it in some cases, and identifying
novel molecular alterations.22 Given the ever-expanding
landscape of tumor-associated gene fusions, which are not
always included in RT-PCR panels, RNA-seq may be the
strategy of choice for characterizing challenging pediatric
spindle-cell tumors to avoid misdiagnosis and undertreatment.

On the opposite side of the spectrum, we show that
high-grade morphology can occur in VGLL2-rearranged
RMS through the high-grade transformation of a low-
grade tumor, or be readily present at the time of diagnosis,
as it was seen in patient 3. High-grade VGLL2-rearranged
RMS were positive for rhabdomyoblastic markers on
IHC and retained a transcriptomic profile consistent
with VGLL2-rearranged RMS. High-grade sarcomatous
transformation in fusion-associated pediatric tumors is not
a common event, but it has been described for some en-
tities, such as dermatofibrosarcoma protuberans.23–25 Our
WES results showed that high-grade transformation in
VGLL2-rearranged RMS is accompanied by increased
genomic instability, and a deleterious TP53 alteration was
found in the high-grade sample of patient 2, although we
were not able to evidence a common genomic event as-
sociated with disease progression across the 3 patients.

After metastatic progression, in cases presented
herein, conventional chemotherapy regimens showed
partial, transient efficacy. Although WES results did not
alter the management of patients from our study, we did
identify several alterations in known cancer genes. Of
note, the p.Asn535Asp variant of FGFR4 (VAF= 38.8%),
found in the second relapse biopsy of patient 1, has pre-
viously been identified in RMS and was shown to promote
tumor growth and metastasis in vitro and in vivo.26 This
mutant form of FGFR4 is resistant to many tyrosine
kinase inhibitors, but retains sensitivity to ponatinib.27
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The fact that additional oncogenic alterations in
cancer genes may occur in high-grade VGLL2-rearranged
RMS suggests that next-generation sequencing may be
useful in those patients to look for potential actionable
alterations.

Consistent with pathology findings of increased mi-
totic activity in high-grade samples, RNA-seq showed
high expression of genes associated with cell cycle pro-
gression in these samples. This included some putative
therapeutic targets, although further studies are needed to
support this hypothesis. For example, Aurora A kinase
can be targeted by alisertib, which has shown a manage-
able toxicity profile in pediatric patients, but inconsistent
single-agent activity depending on the tumor type.28,29

High-grade VGLL2-rearranged RMS also showed a ten-
dency toward high expression of some factors related to
embryonic development, including the transcription
factor SOX15, which is thought to play a role in muscle
precursor cell specification and in skeletal muscle re-
generation, while inhibiting differentiation of myoblasts to
myotubes.30–32 It is yet unknown which exact type of
adult or embryonic tissue VGLL2-rearranged RMS is
most closely related to, but gene expression signatures
from a VGLL2-NCOA2 zebrafish tumor model recently
pointed toward transcriptomic similarities with early
somitogenesis.14

Overall, our findings expand the current knowledge
on VGLL2-rearranged RMS, by demonstrating their
propensity for high-grade transformation. Nevertheless,
they are limited by the small sample size due to the rarity
of these tumors. Further studies are needed to better elu-
cidate the clinical, histopathologic, and molecular factors
associated with, and potentially predictive of, disease
progression in VGLL2-rearranged RMS, and to inves-
tigate treatment options for patients who experience re-
lapse. Establishing a collaborative international database
with long-term follow-up should be particularly encour-
aged in the context of this rare disease.
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