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Molecular assessment of paratesticular rhabdomyomas
demonstrates recurrent findings, including a novel H3C2 p.K37I
mutation
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Rhabdomyomas are benign tumors with skeletal muscle differentiation that are broadly divided into cardiac and extracardiac types.
The latter demonstrate a predilection for head and neck and genital locations and are further subclassified into adult-type
rhabdomyoma (ATRM), fetal-type rhabdomyoma (FTRM) and genital rhabdomyoma (GRM). Most extracardiac rhabdomyomas that
arise in paratesticular tissues have a somewhat distinctive morphology and have been termed sclerosing rhabdomyomas (SRM).
Therefore, we hypothesized that these tumors may harbor recurrent genetic alterations. In this study, we assessed 15 paratesticular
rhabdomyomas (11 initially classified as SRM, 2 cellular FTRM and 2 ATRM) using massively parallel DNA and RNA sequencing. Five
of 14 successfully sequenced cases harbored a novel H3C2 p.K37I mutation (4 SRM and 1 ATRM). This mutation replaced a highly
conserved lysine residue that is a target for epigenetic modifications and plays a role in regulation of DNA replication. Moreover, 4
tumors (2 cellular FTRM, 1 case initially diagnosed as SRM and 1 ATRM) had complex copy number profiles characterized by
numerous chromosome-level and arm-level copy number gains, consistent with a ploidy shift. Rereview of the SRM with copy
number gains demonstrated that it was significantly more cellular and had a more prominent fascicular architecture than the rest of
the SRMs included in this series. Therefore, it was retrospectively reclassified as a cellular FTRM. In conclusion, this study
demonstrated that paratesticular rhabdomyomas harbor recurrent somatic H3C2 p.K37I mutations and ploidy shifts.

Modern Pathology (2022) 35:1921–1928; https://doi.org/10.1038/s41379-022-01134-3

INTRODUCTION
Rhabdomyomas are a group of benign soft tissue tumors which
exhibit skeletal muscle differentiation and are broadly divided into
cardiac and extracardiac types1–3. By definition, the former arise in
the heart of infants and children1, while the latter have a
predilection for head and neck and genital locations and may
affect both pediatric and adult patients2,3. Extracardiac rhabdo-
myomas are further subclassified based on their histologic
appearances into adult-type rhabdomyoma (ATRM), fetal-type
rhabdomyoma (FTRM) and genital rhabdomyoma (GRM)2.
Cardiac rhabdomyomas are a major component of the tuberous

sclerosis complex4,5 and harbor predominantly TSC2 mutations6–8.
Significantly less is known about the molecular and syndromic
associations of extracardiac rhabdomyomas. FTRM and ATRM have
occasionally been reported in patients with the tuberous sclerosis
complex9, Gorlin syndrome10 and Birt-Hogg-Dubé syndrome11.
However, a few prior molecular analyses of extracardiac rhabdo-
myomas have not identified recurrent oncogenic variants12,13.
Extracardiac rhabdomyomas that arise in paratesticular tissues

often have distinctive morphologic features and appear to
represent a distinct histologic subtype, which has been referred

to as sclerosing rhabdomyoma (SRM)14. We hypothesized that
these neoplasms may harbor a common underlying genetic
alteration. In this study we evaluated the histopathologic and
molecular features of a series of paratesticular rhabdomyomas,
including cases classified as SRM, ATRM and FTRM.

MATERIALS AND METHODS
This study was performed with approval of the Institutional Review Board
of Brigham and Women’s Hospital (BWH; Partners Health Care/ Mass
General Brigham).

Accrual of the cases and histopathologic evaluation
Institutional databases and personal consultation files (CDMF, JKM, TMU)
were queried to identify paratesticular rhabdomyomas. Cases with archival
formalin-fixed paraffin-embedded tissue (FFPE; blocks or slides) were
further selected for inclusion. Slides (H&E and immunohistochemistry)
were retrieved and reviewed by the submitting authors at the
corresponding institutions. Subsequently, representative slides were
centrally reviewed at BWH (AMA and CDMF) to gather pertinent
histopathologic information, including histologic subtype, growth pattern,
entrapment of normal structures, and number of mitoses per 10 high-
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power fields (HPFs). Data on patient age, tumor location/laterality and
gross tumor size were obtained from the original pathology reports and
consultation letters. Six ATRM unselected for site of origin with archival
FFPE material available were also retrieved and sequenced (DNA only) for
comparison.

DNA sequencing (OncoPanel)
Massively parallel DNA sequencing was performed using a clinically
validated 447-gene panel (OncoPanel, Center for Advanced Molecular
Diagnostics; BWH; Supplementary Table) as previously described15,16.
Briefly, FFPE neoplastic tissue was manually dissected from 1 to 8
unstained/unbaked slides using a corresponding H&E-stained section
marked by a pathologist (AMA) as a guide. Samples were dissected to
attempt to enrich for 20% tumor cellularity, but samples with lower tumor
contents (~5–10%) were also accepted (see Discussion below). DNA was
extracted with a commercial kit (Qiagen, Valencia, CA) according to the
manufacturer’s recommendation and subsequently sheared by sonication.
Libraries were prepared with a commercial kit (TruSeq LT library
preparation kit; Illumina, San Diego, California) using a target input of
200 ng/mL of DNA (threshold 100 ng/mL) per sample. Sequences of
interest were captured using custom-designed hybridization probes
(Agilent SureSelect; Agilent Technologies, Santa Clara, CA) and sequenced
on an Illumina HiSeq 2500 platform (Illumina, San Diego, CA). Deconvolu-
tion of batched samples, alignment of sequences, and calling and
annotation of genetic variants were performed with a validated institu-
tional informatic pipeline15–17. In-house developed algorithms were used
to evaluate mismatch repair status and mutational signatures (UV,
smoking, APOBEC, POLE)18. Genetic variants present at a frequency
≥ 0.1% in the gnomAD database (Broad Institute) were automatically
filtered out to reduce contamination with germline variants. All reported
variants were further assessed for biological relevance and actionability by
a molecular pathologist (LMS).

RNA sequencing (gene fusion panel)
RNA sequencing for detection of gene fusions was performed at the
molecular pathology laboratory of the University of Toronto as previously
described by Dickson et al.19. In summary, tumor areas were marked by a
pathologist (AMA) and dissected manually from 1 to 5 FFPE tissue sections
(unstained-unbaked slides). Extraction of RNA was performed with a
commercial kit (ExpressArt FFPE Clear RNA Ready kit; Amsbio, Cambridge,
MA) and total RNA was assessed (Qubit RNA HS Assay kit, Thermofisher
Scientific, Mississauga, ON, Canada). Libraries were prepared (TruSight RNA
Fusion Panel; Illumina) with 20–100 ng of RNA per sample and sequenced
with 76 bp paired-end reads on a MiSeq platform (Illumina, San Diego, CA).
Samples were multiplexed (8 samples per flow cell), generating a total of
~3 million reads per sample. Sequencing data was assessed with two
different informatic pipelines: STAR aligner with Manta fusion caller
through the Illumina Local Run Manager (v.1.3.0) and BOWTIE2 alignment
with the JAFFA fusion caller20,21. Fusions were considered stochastic if
they: 1) had been previously identified in the context of another well-
known driver in the institutional database or 2) did not result in an open
frame or 3) were nonexonic or 4) had only a few supporting reads (low
confidence calls).

RESULTS
Clinicopathologic description of the cases
Fifteen paratesticular rhabdomyomas from 15 individual patients
collected between 2006 and 2022 were included in this study,
including 7 cases previously published by our group (cases 1, 2, 4,
5, 11, 12, and 15)14. Patients were mostly young adults, with a
median age of 27 years (range: 19–72 years). The median tumor
size was 4.2 cm (range 1.2–12 cm). Tumor sites included epididy-
mis in 4 cases, spermatic cord in 3 cases, and paratesticular/scrotal
tissue, not further specified in the remaining 8 cases. The laterality
was left in 8 cases and right in 7 cases.
The demographic, histopathologic and immunohistochemical

features of the cases are summarized in Table 1. Based on
morphology, 11 cases were initially classified as SRM (including
the 7 cases previously published by Jo et al.)14, 2 as cellular FTRM
and 2 as ATRM. Briefly, SRMs were characterized by sparse bundles
of mature polygonal and elongated rhabdomyoblasts with

copious cytoplasm embedded in an abundant sclerotic collage-
nous stroma (Fig. 1). Lymphoplasmacytic infiltrates and/or
lymphoid aggregates were invariably present in SRM, which
resulted in a relatively low ratio of neoplastic to nonneoplastic
nuclei. Cellular FTRMs demonstrated higher cellularity than
SRMs, with a mixture of primitive spindle cells and more
differentiated rounded and elongated rhabdomyoblasts
arranged in short fascicles (Fig. 2). The two ATRM consisted of
sheets of plump polygonal rhabdomyoblasts with occasional
cytoplasmic filamentous (“jackstraw”) inclusions and minimal
intervening stroma (Fig. 3). Scattered microscopic foci of
infarction were present in one of these ATRM, and the remaining
one exhibited several small cysts measuring up to 0.7 cm in
greatest dimension. The more differentiated rhabdomyoblasts
had similar cytomorphology across the different subtypes of
rhabdomyoma. Specifically, they had relatively large nuclei,
conspicuous nucleoli, abundant eosinophilic cytoplasm with
variably noticeable striations and frequent intracytoplasmic
inclusions. Tumor necrosis was not identified, and mitotic
activity was consistently below 1 mitotic figure per 10 HPF in
all cases. Immunohistochemical stains for desmin, MyoD1, Myf4,
and fast myosin were positive in all cases in which they were
performed (12/12, 6/6, 1/1, and 2/2, respectively).

DNA and RNA sequencing results
Fourteen cases underwent successful DNA sequencing and one
failed due to excessive DNA fragmentation (Table 2 and
Supplementary Fig. 1). Ten cases with additional FFPE tissue
available were submitted for RNA sequencing. Of these, 4/10 were
sequenced successfully and 6/10 failed extraction (4/6) or
sequencing (2/6).
DNA sequencing identified a novel H3C2 p.K37I mutation in 5/

14 (36%) cases, including 4 SRMs and 1 ATRM. The mechanisms of
mutation included an A to T transversion at nucleotide position
110 (cases 1, 2, 4, and 5), and a dinucleotide inversion (case 3).
Case 2 also harbored a frameshift FANCE variant of likely germline
origin based on the variant allele frequency. One additional SRM
(case 7) harbored a frameshift MSH6 variant without evidence of
concurrent mismatch repair deficiency. A frameshift mononucleo-
tide deletion was identified in BRIP1 in 1 of the 2 cellular FTRMs,
while the remaining 7 cases with interpretable results (5 SRM, 1
cellular FTRM, and 1 ATRM) were mutationally silent.
Chromosome-level and arm-level copy number changes were

present in 4 tumors (cases 6–9), including the 2 cellular FTRMs, 1
lesion initially classified as SRM, and 1 ATRM (see discussion
below). The copy number profile of these 4 neoplasms was
characterized by multiple copy number gains that spanned large
chromosomal regions (not shown in Table 2), chromosome arms
and entire chromosomes, consistent with ploidy shifts.
Only 1 gene fusion (MON1A::CIC; case 3) was detected by RNA

sequencing (but not by DNA sequencing). This was a low-
confidence call present in the context of a concurrent H3C2 p.K37I
mutation, and was considered stochastic (i.e., nonpathogenic).

DNA sequencing of additional ATRM
Given the molecular findings in paratesticular rhabdomyomas,
additional ATRM unselected for site of origin were sequenced for
comparison. FFPE tissue was available to attempt DNA sequencing
on 6 ATRM (all from head and neck locations) from 4 patients. Four
tumors from 2 patients (including 3 metachronous ATRM from a
single patient) were sequenced successfully. The 3 metachronous
tumors from a single patient harbored a truncating frameshift
FLCN variant (p.E297Afs*25) present at a frequency highly
suggestive of a germline event (~50%), without definite evidence
of loss of heterozygosity. Additional pathogenic mutations were
not identified in any of these 4 ATRM arising in head and neck
locations. Of note, H3C2 was manually reviewed in all cases and
the p.K37I variant was not identified.
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DISCUSSION
Extracardiac rhabdomyomas are benign mesenchymal neoplasms
exhibiting skeletal muscle differentiation that are subclassified
into ATRM, FTRM, and GRM according to their clinicopathologic
features. ATRMs usually arise in the head and neck of adult
patients, and their histology is characterized by sheets of plump
polygonal rhabdomyoblasts with minimal intervening stroma.
FTRMs affect mostly infants and young children and have a
predilection for the head and neck in general, and for the
postauricular region in particular. Their histology spans a spectrum
that includes hypocellular tumors with predominantly immature
spindle cells embedded in an abundant myxoid stroma on one
end, and hypercellular tumors with more differentiated rhabdo-
myoblasts arranged in fascicles on the other. GRM typically arise in

the vagina and vulva of adult women and consist of a submucosal
proliferation of variably mature rhabdomyoblasts, often mimicking
embryonal rhabdomyosarcoma.
Most paratesticular rhabdomyomas demonstrate distinctive his-

tologic features, characterized by scattered bundles of well-
differentiated rhabdomyoblasts embedded in an abundant
collagenous stroma14. These tumors, termed SRM, have also been
reported in the pelvic floor of an adult woman22, suggesting that
they are predominantly, but not exclusively, paratesticular. More-
over, individual examples of paratesticular FTRM, ATRM and GRM
have been documented in pediatric and adult patients23–27. This
study expands our prior experience with paratesticular rhabdo-
myomas, confirming that although SRM morphology is dominant,
FTRM and ATRMs also occur in this location.

Fig. 1 Sclerosing paratesticular rhabdomyomas. A–D Case 1 (A), case 2 (B), case 4 (C) and case 5 (D) demonstrate the characteristic
histopathologic features of sclerosing rhabdomyomas. These tumors are typically hypocellular, with bundles of well-differentiated
rhabdomyoblasts embedded in an abundant collagenous stroma that contains lymphoplasmacytic infiltrates and lymphoid aggregates. The
four cases illustrated in this figure harbored a recurrent H3C2 p.K37I mutation.

Fig. 2 Cellular fetal paratesticular rhabdomyoma. A. Case 6 was hypercellular with a mixture of spindle cells and mature rhabdomyoblasts
arranged in bundles and fascicles. B Case 8 was hypercellular and consisted predominantly of mature rhabdomyoblasts arranged in short
fascicles. These cases had a copy number profile characterized by multiple chromosome-level and arm-level copy number gains.
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Extracardiac rhabdomyomas may recur locally if incompletely
resected2, but no recurrences have been observed in paratesti-
cular cases14. Paratesticular rhabdomyomas may mimic malignant
tumors, including embryonal rhabdomyosarcoma, alveolar soft
part sarcoma (ATRM), spindle cell/sclerosing rhabdomyosarcoma
(SRM) and dedifferentiated liposarcoma with heterologous rhab-
domyoblastic differentiation. Like SRM, sclerosing rhabdomyosar-
coma exhibits a prominent collagenous stroma with hyalinization
but typically lacks large rhabdomyoblasts28. Embryonal rhabdo-
myosarcoma and spindle cell rhabdomyosarcoma are moderately-
to-highly cellular lesions composed predominantly of spindle and
round cells, with histologic appearances that overlap with those of
FTRM29. The large polygonal cells of ATRM are morphologically
similar to rhabdomyoblasts occasionally seen in dedifferentiated
liposarcoma and to the neoplastic cells of alveolar soft part
sarcoma30,31. Therefore, awareness of the morphologic spectrum
of paratesticular rhabdomyomas is necessary to avoid a mis-
diagnosis of malignancy.
Unlike cardiac rhabdomyomas, which have a well-demonstrated

association with the tuberous sclerosis complex and TSC1/2
mutations32, extracardiac rhabdomyomas have not been consis-
tently associated with any specific molecular alteration. FTRMs
have been described in patients with Gorlin syndrome10, and
PTCH1 mutations have been identified in this tumor type
previously33. ATRM has been reported in the context of
Birt–Hogg–Dubé syndrome11, a disorder caused by FLCN muta-
tions. However, molecular analyses of additional series and
individual cases of extracardiac rhabdomyomas have not identi-
fied pathogenic genetic variants in these neoplasms12,13. In this
study, 3 metachronous ATRM arising in head and neck locations of
a single patient harbored a truncating FLCN variant of likely
germline origin, without unequivocal evidence of loss of hetero-
zygosity. Per clinical notes, the patient had a history of multiple
episodes of spontaneous pneumothorax treated with pleurodesis
at a young age, highly suggestive of Birt-Hogg-Dubé syndrome.
The present study found that, overall, 9/14 (64%) paratesticular

rhabdomyomas sequenced successfully had characteristic mole-
cular findings that appear to be mutually exclusive. More
specifically, a recurrent H3C2 p.K37I variant and multiple
chromosomal gains consistent with ploidy shifts were identified
in 5/14 (36%) and 4/14 (29%) cases, respectively. The H3C2 p.K37I
variant was the only recurrent finding in paratesticular SRM,
without morphologic differences between H3C2-mutant and
H3C2-wild type SRM (Fig. 4), and multiple chromosomal gains
were the only finding in paratesticular FTRM. Based on the small
number of cases assessed herein, paratesticular ATRM may harbor
either of these molecular alterations. None of the 4 typical ATRM
arising in head and neck locations harbored the H3C2 p.K37I

variant or multiple chromosomal gains. These results seem to
suggest that the molecular alterations identified in this study
might be enriched in ATRM arising in paratesticular tissues, akin to
BAP1 and KIT mutations in uveal and acral melanoma,
respectively34,35. However, the conclusions that can be drawn
from this analysis are limited because 3 extra-scrotal neoplasms
were metachronous lesions from a single patient. Further studies
are necessary to determine the frequency of the H3C2 p.K37I
mutation and ploidy shifts in ATRM and to explore the presence of
alternative drivers in H3C2 wild-type SRM. Because SRMs have
abundant stroma, variably prominent lymphoplasmacytic infil-
trates and tumor cells that are significantly more voluminous than
the intermingled nonneoplastic cells, it is likely that tumor
cellularity was overestimated in a subset of cases, limiting the
detection of H3C2 p.K37I mutations in additional SRM. Importantly,
no paratesticular tumors in this series had known syndromic
associations or harbored pathogenic genetic variants in TSC1/2,
PTCH1, FLCN or SUFU, all of which are included in our panel.
H3C2 codes for histone 3.1, an isoform of histone 3 that is

deposited during DNA synthesis and repair36. In the S phase, the
histone chaperone CAF-1 promotes assembly of histone octamers
that contain this particular isoform of histone 3. In contrast, in
other phases of the cell cycle, the histone chaperone HIRA
promotes assembly of histone octamers that contain histone 3.336.
This explains why histone 3.3 is enriched in differentiated tissues
with low proliferation rates36,37. The K37 residue of histone 3 is
highly conserved across species and is a known target for
epigenetic modifications. In the budding yeast S. cerevesiae,
monomethylation of this residue by Set1/2 promotes initiation of
DNA replication at canonical replication origins and prevents the
initiation of replication at non-canonical sites38. In S. pombe,
methylation of K37 by Set7 increases during gametogenesis and is
required for normal gamete formation, while disruption of K37
methylation results in abnormal immature gametes (i.e., spores)39.
Mutations that replace the conserved K37 residue of histone 3.3A
and histone 3.3B (H3F3A and H3F3B) have been reported
previously in giant cell tumor of bone40. However, this is the first
time that a mutation involving K37 of histone 3.1 (H3C2) has been
identified in a human tumor, adding to the repertoire of genetic
variants seen in so-called oncohistones41.
Interestingly, the CNV profiles of the 2 cellular-type FTRMs, 1

case initially classified as SRM (case 7) and 1 ATRM (case 9) were
characterized by multiple arm-level and chromosome-level copy
number gains, consistent with a ploidy shift. Given these results,
the slides of these cases were re-reviewed by two of the authors
(AMA and CDMF). Comparative re-assessment of these cases
demonstrated that the tumor originally classified as SRM was
significantly more cellular and had a more prominent fascicular

Fig. 3 Adult-type paratesticular rhabdomyoma. A, B Case 3 consisted of hypercellular sheets of polygonal rhabdomyoblasts with minimal
intervening stroma. Filamentous (“jackstraw”) inclusions were present in scattered rhabdomyoblasts (inset, panel B). This case harbored a
H3C2 p.K37I mutation.
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arrangement than the other SRMs included in the series (Fig. 5).
Therefore, this tumor was retrospectively reclassified as a cellular-
type FTRM with sclerotic stroma. Interestingly, the ATRM with
multiple chromosomal gains exhibited histologic features that
were typical of this variant, including the presence of “jackstraw”
cytoplasmic inclusions. This suggests that paratesticular ATRM
comprise a group of tumors with heterogeneous molecular
alterations, including H3C2 p.K37I and ploidy shifts.
The main shortcoming of this study is its relatively small sample

size, which is almost inevitable with these rare lesions. Moreover,
the series includes old archival cases (>10 years) with relatively
low cellularity, which may have limited the detection of the H3C2
mutation in additional cases. All mutation-negative cases were
manually reviewed at codon 37, reducing the risk of false negative
results due to variants present below the threshold of the
bioinformatics filters. Despite the shortcomings mentioned above,
the present series represent the largest compilation of para-
testicular rhabdomyomas and the first multiplatform molecular
evaluation of this entity to date.
In conclusion, the present study has demonstrated that

paratesticular rhabdomyomas with SRM morphology harbor a
recurrent H3C2 p.K37Imutation, which replaces a highly conserved
lysine residue that is subject to epigenetic modifications and
seems to be involved in regulation of DNA replication38. In
contrast, paratesticular rhabdomyomas with cellular-FTRM mor-
phology harbor multiple arm-level and chromosome-level copy
number gains. ATRM seem to represent an intermediate group
with molecular alterations that overlap those seen in SRM
and FTRM.
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