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A small subset of male germ cell tumors (GCT) demonstrates overgrowth of histologic components that resemble somatic
malignancies (e.g., sarcoma, carcinoma). The presence of so-called “somatic-type” malignancies (SM) in GCT has been associated
with chemotherapy-resistance and poor clinical outcomes in prior studies. However, the molecular characteristics of these tumors
remain largely undescribed. In this study, we performed a multi-platform molecular analysis of GCTs with SM diagnosed in 36 male
patients (primary site: testis, 29 and mediastinum, 7). The most common histologic types of SM were sarcoma and embryonic-type
neuroectodermal tumor (ENT, formerly known as “PNET”), present in 61% and 31% of cases, respectively. KRAS and TP53 mutations
were identified by DNA sequencing in 28% of cases each, with enrichment of TP53 mutations in mediastinal tumors (86%). Gains in
the short arm of chromosome 12 were seen in 91% of cases, likely reflecting the presence of isochromosome 12p. Numerous copy
number changes indicative of widespread aneuploidy were found in 94% of cases. Focal homozygous deletions and amplifications
were also detected, including MDM2 amplifications in 16% of cases. Sequencing of paired samples in 8 patients revealed similar
mutational and copy number profiles in the conventional GCT and SM components. Oncogenic gene fusions were not detected
using RNA sequencing of SM components from 9 cases. DNA methylation analysis highlighted the distinct methylation profile of SM
components that sets them apart from conventional GCT components. In conclusion, GCT with SM are characterized by widespread
aneuploidy, a distinct epigenetic signature and the presence of mutations that are otherwise rare in testicular GCT without SM. The
similarity of the mutational and DNA methylation profiles of different histologic types of SM suggests that the identification of SM
components could be more important than their precise histologic subclassification, pending confirmation by further studies.
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INTRODUCTION
Testicular germ cell tumors (GCTs), the most common cancer type
in men aged 14 to 44 years, are broadly grouped into seminoma
and non-seminoma categories for clinical management1. Non-
seminomatous tumors comprise mixed GCTs (which may include
components of seminoma) and GCTs with pure non-seminoma
histology1,2. Most male GCTs are thought to arise from testicu-
lar germ cell precursors that undergo neoplastic transformation. A
smaller subset of GCTs arising in extra-testicular sites such as the
mediastinum, retroperitoneum and brain is believed to be derived
from primordial germ cells that fail to migrate to the gonads
during embryonic development3.
From a genetic perspective, testicular GCTs are characterized by

whole-genome duplication, a low mutational burden and relative

gains of sequences present in the short arm of chromosome 12,
usually in the form of an isochromosome 12p [i(12p)] or regional
amplification events4. Recurrent gain-of-function mutations of KIT,
KRAS, and NRAS are seen almost exclusively in seminoma4. Extra-
testicular GCTs also demonstrate gains of sequences of the short
arm of chromosome 12 such as i(12p)5 but, unlike testicular
GCTs6,7, they often harbor TP53 mutations8,9.
Surgery followed by platinum-based chemotherapy in qualify-

ing cases achieves cure rates of ~95% and ~80–90% in patients
with localized and metastatic testicular GCTs, respectively10,11.
However, ~10% of patients develop resistance to chemotherapy
and have a dismal prognosis despite aggressive treatment12,13. A
subset of GCT resistant to systemic treatment is characterized by
overgrowth of histologic components resembling somatic-type
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malignancies (SM), including sarcomas, carcinomas and, rarely,
myeloid neoplasms14–18.
In GCTs, SM components are believed to arise from teratoma in

most cases14,17; however, a smaller subset appears to be derived
from other non-seminomatous components, such as yolk sac
tumor16,17. Detection of i(12p) by fluorescence in situ hybridization
(FISH)19,20 or quantitative PCR21 can be useful in cases of SM that
are not associated with conventional GCT components, especially
in the metastatic setting. Prior studies have described the
clinicopathologic characteristics of GCT with SM14–17, but the
molecular correlates of so-called “somatic transformation” remain
poorly understood. In this study, we performed a multi-institu-
tional, multi-platform molecular assessment of testicular and
extratesticular male GCTs with SM.

MATERIALS AND METHODS
Accrual of cases, demographic and clinicopathologic data
This research was performed with approval of the Institutional Review
Board of Brigham and Women’s Hospital (BWH; MGB Insight 4.0, protocol
#2021P002289).
The informatic databases of the participating institutions and the

personal consultation files of the authors were queried to identify testicular
and extratesticular GCTs with SM diagnosed in male patients. One case
(case #3) was previously published as a case report22. Slides were retrieved
and reviewed by the participating pathologists at their corresponding
institutions. Cases with overgrowth of SM (defined as SM components
spanning >1 low power field) and archival formalin-fixed paraffin
embedded (FFPE) tissue available for molecular studies were included.
All available slides of BWH cases and selected slides of the remaining cases
were centrally reviewed at BWH by two of the authors (NW and AMA).
Demographic and clinicopathologic data were obtained by review of
pathology reports, clinical notes and summarized information submitted
by the authors.

DNA sequencing (OncoPanel)
Samples were assessed using a solid tumor next-generation sequencing
panel (OncoPanel; 447 genes) as previously described by our group in
validation studies23,24. Tumor content was enriched (target tumor
cellularity ≥20%) by manual dissection of FFPE tissue sections (5 µm)
using corresponding H&E slides marked by a pathologist (NW and AMA) as
a guide. In samples with areas of conventional GCT and SM amenable to
separation by manual dissection, these components were differentially
dissected and sequenced in parallel (see “Paired DNA sequencing of SM
and conventional GCT components” section below). In these cases, SM and
conventional GCT were dissected either from different blocks (when
possible) or from well-separated areas present in the same block.
Otherwise, tissue was dissected to enrich for SM components. DNA was
extracted with a commercial kit (Qiagen, Valencia, CA) following the
manufacturer’s recommendations and subsequently sheared by sonica-
tion. Whenever possible, 200 ng of DNA per sample were used for library
preparation. Samples that yielded less than 100 ng of DNA were rejected.
Libraries were constructed using a commercial kit (TruSeq LT library
preparation kit; Illumina, San Diego, California) and the sequences of
interest were captured by hybridization to a set of custom-designed DNA
probes (Agilent SureSelect; Agilent Technologies, Santa Clara, CA).
Sequencing by synthesis was performed on an Illumina HiSeq 2500 sequen-
cer (Illumina, San Diego, CA). A clinically validated informatics pipeline was
used for sample deconvolution, alignment of the generated sequences,
variant calling and annotation23–25. Mutational signatures (POLE, APOBEC,
smoking, UV) and mismatch repair status26,27 were assessed by algorithms
developed at the Center for Advanced Molecular Diagnostics (CAMD,
BWH). Genomic variants present at a frequency >0.1% in the gnomAD
database (Broad Institute) were automatically excluded to avoid contam-
ination with germline events. The reported variants were evaluated and
tiered for actionability by a molecular pathologist (LMS).

RNA sequencing (fusion panel)
Targeted RNA sequencing was performed on cases with additional FFPE
tissue available (#1, #3, #7, #12, #20, #21, #23, #31, and #33) at Mount Sinai
Hospital, University of Toronto as previously described28. Tumor areas were
marked by a pathologist (NW and AMA) and dissected manually from on

1–5 unstained FFPE sections. Commercial kits were used for total RNA
extraction (ExpressArt FFPE Clear RNA Ready kit; Amsbio, Cambridge, MA)
and assessment (Qubit RNA HS Assay kit, Thermofisher Scientific,
Mississauga, ON, Canada). A minimum of 20 ng and a maximum of
100 ng of RNA per sample was used for library preparation (TruSight RNA
Fusion Panel; Illumina). Samples were multiplexed (8 per flow cell) and
sequenced as 76-bp paired-end reads on a MiSeq platform (Illumina, San
Diego, CA), resulting in ~3 million reads per sample. Sequencing results
were analyzed using 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 caller29,30. Fusions were
considered clinically or biologically relevant (i.e., not stochastic) if they
had an open reading frame, had not been identified previously in the
context of another well-known driver in our database, and had enough
supporting reads.

Methylation profile analysis
DNA methylation profiling was performed as previously reported31. Briefly,
FFPE tissue was dissected manually to enrich for tumor cells for DNA
extraction. The DNA was processed for hybridization and fluorescence
staining on the Infinium MethylationEPIC (850 k) BeadChip array (Illumina,
San Diego, USA) according to the manufacturer’s instructions. The arrays
were scanned in the Illumina iScan microarray scanner. Raw idat files were
analyzed in R version and raw intensities were processed with the
Bioconductor R package Minfi32. Each sample was assessed for quality by
mean detection p-value (p < 0.05). Samples were normalized by quantile
normalization, followed by removal of probes that failed in one or more
samples (detection p < 0.01), and of probes with single-nucleotide
polymorphisms. Beta-values were calculated with the default offset value
100 recommended for Illumina assays. Differential methylation analysis
was based on comparing samples with conventional GCT histologies and
samples with SM components. After fitting linear models with limma
(3.48.3)33, top differentially methylated probes were selected based on
adjusted p-values (p < 0.05). A Beta value lower than 0.2 or higher than 0.8
was defined as hypomethylation or hypermethylation, respectively. A
heatmap based on the hierarchical clustering of the top 1000 differentially
methylated probes was generated using ComplexHeatmap (2.8.0)34.

RESULTS
General description of the series and tumor histology
GCT with SM components from 36 patients were included in the
study. The primary tumor was testicular in 29 patients and
mediastinal in the remaining 7 patients (Table 1). The average
patient age was 34 years (range 13 to 69 years), without
differences between patients with testicular and mediastinal
primaries.
The most common type of somatic-type malignancy in our

series was sarcoma (22/36, 61%, Fig. 1), including 12 cases of
unclassified spindle and/or epithelioid sarcoma (12/22, 55%), 9
cases of rhabdomyosarcoma (9/22, 41%), and 1 case of
angiosarcoma (1/22, 5%). Embryonic type neuroectodermal tumor
(ENT) was present in 11 cases (11/36, 31%). Carcinoma and
nephroblastoma were each found in 2 patients (2/36, 6%).
Pancreatoblastoma and small blue round cell tumor, NOS were
also present (1/36, 3%). Two cases (2/36, 6%) showed multiple SM
components (case #19: ENT and nephroblastoma; case #20:
rhabdomyosarcoma, ENT and unclassified sarcoma).
In addition to the SM components, 28 cases also contained one

or more conventional GCT component (28/36, 78%), including
teratoma (22/36, 61%), yolk sac tumor (12/36, 33%), embryonal
carcinoma (9/36, 25%), and seminoma (7/36, 19%). Fifteen of these
cases (15/36, 42%) had more than one conventional GCT
component.

Panel DNA sequencing and fusion panel RNA sequencing of
enriched SM components
Thirty-six SM arising in GCT underwent DNA sequencing, including
cases in which SM components were either enriched or separated
from concurrent conventional GCT components by manual
dissection (see “Paired DNA sequencing of SM and conventional
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GCT components” below). The tumors selected for next-generation
sequencing included 15 testicular primaries, 3 mediastinal
primaries, 13 retroperitoneal metastases and 5 metastases to the
lung. Four specimens (cases # 8, 9, 19, and 36) were obtained after
chemotherapy and the remaining tumors were treatment-naïve or
their treatment status was unknown (see Table 1). Two sequenced
tumors (cases #9 and #36) were late recurrences, resected 14 and 4
years after initial treatment, respectively.

Single nucleotide variant analysis was performed on 32 cases
(32/36, 89%, Fig. 2). The remaining 4 cases were excluded because
they failed pre-established quality control metrics. The most
frequently mutated genes in this series were KRAS and TP53, with
mutations detected in 9 cases each (9/32, 28%). KMT2D was
mutated in 5 cases (5/32, 16%). A pathogenic KIT mutation was
detected in 1 case (1/32, 3%). TP53 mutations were significantly
enriched in GCTs of mediastinal origin (86% vs 12%). Of note,

Table 1. Clinicopathologic characteristics of the study cases.

Case Age SM component(s) GCT
component(s)

Chemotherapya Primary site Sequenced SM
tumor site

Paired tumor
sequencedb

1 39 RMS S, T, CC No Testis Testis

2 69 Adenocarcinoma T N/A Testis Testis

3 32 Angiosarcoma T No Testis Retroperitoneum

4 23 RMS T, YST, EC, No Testis Testis Primary GCT

5 34 ENT T No Testis Retroperitoneum

6 19 Unclassified sarcoma None No Testis Retroperitoneum

7 37 Unclassified sarcoma T No Testis Testis

8 28 ENT T Yes Testis Retroperitoneum

9 46 Pancreatoblastoma S Yes Testis Testis

10 19 ENT YST, EC, T No Testis Testis Primary GCT,
met GCT

11 36 ENT T No Testis Retroperitoneum Met GCT

12 42 Unclassified sarcoma None N/A Testis Retroperitoneum

13 46 Adenocarcinoma T N/A Testis Testis

14 29 ENT YST, T No Testis Testis

15 19 Unclassified sarcoma T, EC No Testis Testis

16 41 RMS None No Testis Retroperitoneum

17 41 Unclassified sarcoma None N/A Testis Lung

18 43 ENT YST, T, EC No Testis Retroperitoneum Met GCT

19 25 ENT, nephroblastoma T Yes Testis Retroperitoneum

20 42 ENT, RMS, unclassified
sarcoma

YST, T No Testis Testis

21 34 RMS T, EC, S No Testis Retroperitoneum Primary GCT,
met GCT

22 29 SBRCT S, T, YST, EC No Testis Retroperitoneum

23 41 Unclassified sarcoma T, S, YST, EC No Testis Testis

24 27 ENT T, YST No Testis Testis Met GCT

25 29 ENT EC, S No Testis Testis Primary
GCT, met SM

26 29 RMS None N/A Testis Testis

27 50 Unclassified sarcoma NA N/A Testis Retroperitoneum

28 34 Nephroblastoma T No Testis Testis

29 61 Unclassified sarcoma None N/A Testis Retroperitoneum

30 36 Unclassified sarcoma None N/A Mediastinum Lung

31 19 Unclassified sarcoma YST, S N/A Mediastinum Thymus

32 16 ENT YST N/A Mediastinum Thymus

33 25 Unclassified sarcoma EC, T No Mediastinum Lung Met GCT

34 13 RMS None N/A Mediastinum Lung

35 38 RMS T N/A Mediastinum Mediastinum

36 40 RMS T, YST Yes Mediastinum Lung

CC choriocarcinoma, EC embryonal carcinoma, ENT embryonic-type neuroectodermal tumor, Met metastatic, N/A not available, RMS rhabdomyosarcoma,
S seminoma, SBRCT small blue round cell tumor, T teratoma, YST yolk sac tumor.
aCases in which the specimens were obtained after chemotherapy.
bComponents sequenced for comparison with the corresponding SM components. In this column, GCT refers to conventional histologic types of germ cell
tumor (i.e., not SM).
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Fig. 1 Histologic features of “somatic-type” malignancies arising in testicular germ cell tumors. Selected examples of somatic-type
malignancy from the series: A unclassified sarcoma, B rhabdomyosarcoma, C angiosarcoma, and D Embryonic type neuroectodermal tumor
(ENT, formerly known as “PNET”).

Fig. 2 Summary of relevant single nucleotide variants and copy number variants detected by targeted NGS of SMs arising from 28
testicular and 7 mediastinal GCTs. The position of cases from left to right correspond to the case numbers in Table 1. Abbreviations: KRAS
Kirsten rat sarcoma viral oncogene, TP53 tumor protein p53 gene, KMT2D histone-lysine N-methyltransferase 2D, MDM2 murine double
minute 2, CNV copy number variant, NTRK neurotrophic tyrosine receptor kinase, CDKN2A/B cyclin dependent kinase inhibitor 2A/B, EP300
E1A binding protein p300 gene, CRKL Crk-like protein gene, MAPK1 mitogen-activated protein kinase 1, JAZF1 juxtaposed with another zinc
finger protein 1, MYC myelocytomatosis oncogene, RB1 retinoblastoma protein 1, FGFR1 fibroblast growth factor receptor 1, MET MET proto-
oncogene.
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primary SM, metastatic SM and the different histologic types of SM
had similar mutational profiles (Fig. 2).
Despite overall low sequencing quality in 5 cases, focal gains/

amplifications were identified on manual review. Copy number
gains and/or amplification of the short arm of chromosome 12
were seen in 32 cases (32/35, 91%). In addition, 30 SM (30/31,
97%) harbored numerous arm-level gains and losses with frequent
widespread loss of heterozygosity, indicative of widespread
aneuploidy. Focal cancer-relevant gene amplifications were seen
in 10 cases (10/33, 30%), including (but not restricted to) MDM2 in
5 cases (5/33, 15%), MYC in 2 cases (2/31, 6%), and NTRK, JAZF,
FGFR1 and MET in 1 case each (1/31, 3%). Homozygous (i.e.,
“deep”) deletions of RB1, CDKN2A/B, MRAE11 and EP300 genes
were detected in 1 case each (1/31, 3%). Pathogenic structural
variants such as in-frame fusions of genes covered by the panel
(e.g., EWSR1::FLI1) were not identified in any of the cases analyzed
herein.
Enriched SM components from a subset of 9 tumors underwent

gene fusion analysis by RNA sequencing. None of the 6 cases (4
unclassified sarcomas, 1 rhabdomyosarcoma, 1 angiosarcoma)
that passed quality control harbored oncogenic gene fusions.

Paired DNA sequencing of SM and conventional GCT
components
Paired sequencing of SM and conventional GCT components was
performed in a subset of 8 patients. More specifically, paired SM
and primary testicular conventional GCT components were
sequenced in 2 cases (case #4 and #25), paired SM and metastatic
conventional GCT components were sequenced in 4 cases (cases
#11, #18, #24, and #33), and paired SM, primary testicular
conventional GCT and metastatic conventional GCT components
were sequenced in 2 cases (cases #10 and #21). In one of these 8
patients, primary testicular and metastatic SM components were
also sequenced in parallel (case #25). Among the remaining 7

cases, the sequenced SM components were primary in 3 cases and
metastatic in 4 cases (Table 1).
In most cases, copy number analysis of the conventional GCT

components revealed multiple large copy number gains and
losses almost identical to those seen in the paired SM components
(Fig. 3A, Supplementary Fig. 1). In 2 cases, the SM components
appeared to have a more complex copy number profile than the
paired conventional GCT components. However, the NGS platform
used in this study is not validated for quantitative comparisons of
copy number variants across samples. Of note, multiple large copy
number gains and losses consistent with a high degree of
aneuploidy were not a feature of conventional GCTs (i.e., without
SM components) identified in our genomic database and
reviewed for comparison (data not shown).
Most pathogenic single nucleotide variants (40/53, 76%) were

shared by the paired conventional GCT and SM components
(Fig. 3B). Five and 8 (likely passenger) mutations were restricted to
the conventional GCT and SM components (5/53, 9% and 8/53,
15%), respectively. Primary testicular and metastatic SM shared 7/
8 (88%) mutations. Of note, KRAS and TP53 mutations were always
shared by the paired conventional GCT and SM components.

Genome-wide methylation analysis of paired SM and
conventional GCT components
Array-based DNA methylation analysis of paired SM and conven-
tional GCT components was performed on the same specimens
that underwent paired DNA sequencing (see above), except for
case #33 and the metastatic SM component of case #25. In
addition, paired SM and metastatic GCT components of case #8
and 4 control conventional GCT cases (2 seminomas, 1 teratoma
and 1 embryonal carcinoma) that were not associated with SM
were included in the DNA methylation analysis. The SM
components analyzed included ENT (6 cases) and rhabdomyo-
sarcoma (2 cases). The conventional GCT components analyzed

Fig. 3 Molecular features of SM and matched conventional GCT. A Representative copy number variant (CNV) plots inferred from targeted
NGS data of matched testicular primary GCT, metastatic conventional GCT and metastatic somatic-type malignancy (case #20). B Venn
diagram of the number of private/shared single nucleotide variants (SNVs) detected in 10 (metastatic) conventional GCTs and 8 paired
somatic-type malignancies.
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included teratoma (7 cases), yolk sac tumor (2 cases) and
seminoma (1 case), with both primary testicular and metastatic
components included in 2 cases (cases #10 and #21). Supervised
clustering using the top 1000 differentially methylated probes
highlighted the differences between the methylation profiles of
tumor components with SM and conventional GCT histology
(Fig. 4). Of note, based on the analysis of the top 1000
differentially methylated probes, there were no differences
between the methylation profiles of the different SM histologies
(ENT and rhabdomyosarcoma) assessed herein.

DISCUSSION
Overgrowth of histologic components resembling somatic
malignancies is seen in less than 10% (2.7–8.6%) of male GCTs
treated at large tertiary centers35. From a clinical perspective,
GCTs with SM components are generally resistant to systemic
therapy and associated with a dismal prognosis in the metastatic
setting (5-year survival rate of 35%)17. This contrasts with the

favorable outcomes reported in primary GCT with SM (5-year
survival rate of 87%), which are comparable to those of
conventional GCT17.
From a morphologic perspective, the SM components of GCTs

may resemble specific types of somatic sarcomas and carcinomas,
including a subset that is similar to neoplasms formerly called
primitive neuroectodermal tumors (PNET)15–17. These PNET-like
components of GCTs lack EWSR1 rearrangements36 and have
recently been renamed as embryonic-type neuroectodermal
tumor (ENT) to avoid misinterpretation as Ewing sarcoma
(formerly known as peripheral-type PNET)37. Other subgroups of
SM with epithelioid or nondescript spindle cell morphology that
express keratins and glypican 3 can be classified as glandular or
sarcomatoid yolk sac tumor16,38. These are often diagnosed at
metastatic sites after chemotherapy and behave aggressively,
especially when they demonstrate high-grade histologic
features16,38,39.
Only a few molecular studies of GCT with SM had been

performed to date. Assessment of these tumors with quantitative

Fig. 4 Heat map of top 1000 differentially methylated positions in 10 (metastatic) conventional GCTs and 8 paired somatic-type
malignancies. ENT embryonic-type neuroectodermal tumor, YST yolk sac tumor.
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PCR demonstrated that they harbor copy number gains of
sequences present in the short arm of chromosome 12, indicative
of i(12p)21. As mentioned above, FISH studies using break-apart
EWSR1 probes demonstrated the absence of EWSR1 rearrange-
ments in GCT with ENT components36. However, a more
comprehensive molecular interrogation of GCT with SM including
paired comparative analyses of SM and conventional GCT
components had not been undertaken previously.
In the present study, DNA sequencing confirmed that most

testicular and extra-testicular GCT with SM harbor copy num-
ber gains involving the short arm of chromosome 12, likely
reflecting the presence of i(12p) in a subset of cases. Most GCT
with SM had numerous additional copy number changes
consistent with widespread aneuploidy, which was not a feature
of conventional GCTs from our genomic database and published
studies4,37. Of note, similar copy number changes have been
described in GCT resistant to chemotherapy and in sarcomatoid
yolk sac tumor, another tumor type that falls within the spectrum
of GCTs with “somatic transformation”9,39. DNA sequencing also
revealed enrichment for TP53 mutations in GCT with SM (9/32,
28% cases in total: 3/25, 12% testicular and 6/7, 86% mediastinal).
Of note, TP53 mutations are virtually nonexistent in conventional
testicular GCTs sensitive to systemic therapy4,6,7. However, TP53
mutations are present in a small subset of platinum-resistant
conventional testicular GCT, mostly of mediastinal origin, and a
significant subset of sarcomatoid yolk sac tumors9,39. MDM2
amplification was identified in 4/25 (16%) testicular and 1/7 (14%)
extra-testicular GCT with SM, being mutually exclusive with TP53
mutations in the former. In total, considering both TP53 and
MDM2 variants, 13/32 (41%) cases in this series harbored p53
pathway alterations, including both primary and metastatic
tumors. A significant subset of cases also harbored KRAS
mutations (9/32, 28%: 6/25, 24% testicular and 3/7, 43%
mediastinal). Remarkably, the copy number changes and the
spectrum of driver mutations present in primary and metastatic
conventional GCT components were almost identical to those
seen in the corresponding (i.e., paired) SM components of the
tumor. This suggests that the detection of TP53 mutations, MDM2
amplifications and widespread aneuploidy in early-stage disease
might identify cases with potentially aggressive clinical behavior
and resistance to chemotherapy.
A recent study17 found that the prognosis of testis-confined

GCTs with SM is similar to that of testis-confined conventional
GCTs, whereas metastatic SM fare significantly worse than
metastatic conventional GCTs. One plausible explanation for this
finding is that metastatic SM clones accumulate molecular
changes that result in biologic progression. In this study,
comparison of the mutational, copy number and methylation
profiles of SM within an individual case (#25) as well as across
different cases demonstrated that primary and metastatic SM
have similar molecular characteristics. Therefore, we hypothesize
that SM components of GCTs are intrinsically resistant to systemic
treatment but can be cured by complete surgical resection, which
would explain the striking stage-dependent differences in overall
survival observed in prior studies15,17.
DNA sequencing and RNA sequencing with a panel optimized

for detection of gene fusions detected no pathogenic fusions in
GCT with SM resembling somatic sarcomas. Moreover, the
mutational and DNA methylation profiles of different histologic
types of SM analyzed herein were similar. These findings indicate
that SMs arising in GCTs are biologically different from their true
somatic counterparts, and they likely represent a more homo-
geneous entity than one would presume based on their diverse
histologic appearances. Hence, our results suggest that the
identification of SM components could be more important than
their precise histologic subclassification, pending confirmation
with further studies. Additionally, these results suggest that
systemic therapy designed for the true somatic counterparts of

the SM components (e.g., rhabdomyosarcoma chemotherapy for a
SM with rhabdomyosarcomatous differentiation) might not be the
optimal treatment in this setting40.
This study has limitations that need to be mentioned. First,

paired samples were only available for a subset of cases. Second,
targeted DNA and RNA sequencing panels optimized for the
detection of variants in known cancer-relevant genes were
performed. This approach limits the detection of novel gene
alterations, but the use of clinically validated panels with well-
known performance characteristics ensures that the variants
identified in the study are biologically relevant. Third, paired
germline studies were not performed. Although germline data is
always helpful, it is not essential for the interpretation of the
results of this study. Moreover, established sequencing metrics
were used to infer the origin of the genetic variants41. Fourth, the
number of cases is relatively small, albeit comparable to prior
series of this somewhat rare entity. Fifth, carcinomas are under-
represented in our cohort. A recent study17 has suggested that
GCT with “somatic-type” carcinoma may behave more aggres-
sively. Further investigations are needed to assess whether
carcinomas arising in GCT harbor different molecular alterations.
Despite these limitations, this is the first comprehensive multi-
platform molecular characterization of a multi-institutional series
of GCT with SM.
In summary, the findings of this study suggest that (1) SM

arising in GCTs are biologically unrelated to their true somatic
counterparts, (2) molecular features associated with “somatic-
transformation” of GCTs are already present at an early disease
stage (3) the different histologic subtypes of SM arising in
GCT appear to be biologically similar and, therefore, their precise
subclassification might not be essential, and (4) “somatic
transformation” of GCTs might be driven by epigenetic events.
Additional studies are needed to further elucidate the mechanistic
processes that underlie “somatic transformation” in GCT.
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