Silva et al. BMC Cancer  (2024) 24:1428
https://doi.org/10.1186/512885-024-13159-9

BMC Cancer

Classification of pediatric soft and bone

®

Check for
updates

sarcomas using DNA methylation-based

profiling

Felipe Luz Torres Silva'?, Mayara Ferreira Euzébio'?, Juliana Silveira Ruas', Mayra Troiani Franco®,
Alejandro Enzo Cassone®, Thais Junqueira®, Danielle Ribeiro Lucon', Izilda Aparecida Cardinalli®,
Luis Henrique Pereira®, Priscila Pini Zenatti'?, Patricia Yoshioka Jotta'? and Mariana Maschietto'**

Abstract

in the pediatric population.

alteration

Pediatric sarcomas present heterogeneous morphology, genetics and clinical behavior posing a challenge

for an accurate diagnosis. DNA methylation is an epigenetic modification that coordinates chromatin structure

and regulates gene expression, determining cell type and function. DNA methylation-based tumor profiling classifier
for sarcomas (known as sarcoma classifier) from the German Cancer Research Center (Deutsches Krebsforschung-
szentrum) was applied to 122 pediatric sarcomas referred to a reference pediatric oncology hospital. The classifiers
reported 88.5% of agreement between histopathological and molecular classification confirming the initial diagnosis
of all osteosarcomas and Ewing sarcomas. The Ewing-like sarcomas were reclassified into sarcomas with BCOR or CIC
alterations, later confirmed by orthogonal diagnostic techniques. Regarding the CNAs profile, osteosarcomas had
several chromosomal gains and losses as well as chromothripsis, whereas Ewing sarcomas had few large events, such
as amplifications of chromosomes 8 and 12. The molecular classification together with clinical and histopathologi-
cal assessment could improve the diagnosis of pediatric sarcomas although there are limitations to deal with more
rare classes. This study provides an increase in the number of sarcomas evaluated for DNA methylation profiling
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Background

Sarcomas comprise a rare and diverse group of soft tis-
sue and bone mesenchymal tumors with varied clinical
manifestations and complex morphological structures
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[1]. The clinical characteristics together with the radio-
logical image and morphological analysis are integrated
for diagnosis [2]. The most common entities are rhabdo-
myosarcomas, osteosarcomas, Ewing sarcomas, synovial
sarcomas and other rarer histologies. Several of these
entities can occur in similar anatomic locations adding
a layer of difficulty for diagnosis [3]. Though the hetero-
geneity can be challenging for the diagnosis, even when
immunohistochemical markers are used, especially for
rarer entities, it reflects the genetics/epigenetics vari-
ation [4, 5], which include a combination of mutations,
translocations (gene fusions) [6], CNAs [7] and DNA
methylation variation [8]. The presence of a gene fusion
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is regarded as the gold standard marker for the diagnosis
of a mesenchymal tumor [3, 9].

The implementation of molecular markers improved
the classification of sarcomas, such as the EWSRI-FLI1
fusion present in 85% of Ewing sarcomas [10]. Follow-
ing this discovery, other molecular markers were found
allowing the differential diagnosis of several sarcomas:
rearrangements involving CIC (CIC-rearranged sar-
coma), BCOR (BCOR-rearranged sarcoma), CREB3L2
(Low-grade fibromyxoid sarcoma), ALK (Inflammatory
myofibroblastic tumor), PAX3/PAX7/FOXO1 (alveolar
rhabdomyosarcomas) and ETV6-NTRK3 fusion (infan-
tile fibrosarcoma), among others [11-13]. While several
sarcomas present a gene fusion that undisputedly leads
to a diagnosis [14], these molecular markers were not yet
characterized for all sarcomas.

The genome-wide DNA methylation pattern in cancer
likely reflects both the cell type of origin and the modifi-
cations acquired over the course of tumor development
[15, 16]. This concept resulted in the development of a
classifier based on the methylation profiles of 1,077 bone
and soft tissue sarcomas as well as their normal coun-
terparts [17], further validated by other studies [17-19].
In this first version of the sarcoma classifier, 75% of the
samples received a molecular class, with an agreement of
91% with the original histological diagnosis, while 9% of
the classifier predictions resulted in a revised diagnosis in
favor of the predicted methylation class after histological
review and confirmation by other molecular techniques
[17]. Under- or no-represented entities decrease the
power of the classification but with the increased number
of cases being profiled, the classifier’s precision is likely to
improve [18].

Besides the methylation pattern, several sarcomas pre-
sent copy number alterations (CNAs) that may impact
the accuracy of the diagnosis, prognosis and therapy for
some pediatric tumors [14, 20]. For instance, MDM?2
copy number levels are used for the differential diagno-
sis between well- and dedifferentiated liposarcomas [21].
Therefore, although rare, CNAs could be used as addi-
tional information to characterize the molecular classes
identified by methylation profiling.

Here, we profiled the DNA methylation of 122 tumors
to characterize the molecular classes from a single insti-
tutional cohort of pediatric patients diagnosed with bone
and soft-tissue sarcomas. Despite some limitations, the
methylation-based classification confirmed or improved
the diagnosis of most cases.

Materials and methods

Patient eligibility, sample collection and clinical data

This study was approved by the Boldrini’s Ethical Com-
mittee with informed consent from patients and/or their
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legal guardians. The study included 107 consecutive
patients diagnosed with pediatric sarcomas and referred
to one specialized oncopediatric hospital. Only cases that
reached the required ethical criteria were retrieved for
this study.

A total of 122 samples (out of 107 patients) were
selected according to the original diagnosis, compris-
ing 44 osteosarcomas, 26 Ewing sarcomas, 9 synovial
sarcomas, 6 embryonal rhabdomyosarcomas, among
others (Supplemental Table 1). We also included 2 chon-
droblastomas and 2 osteoblastomas because they are
represented in the DKFZ Sarcoma classifier to test the
agreement between methylation-based classification
and histopathology of all entities covered by the classi-
fier with an available sample. All samples were stored in
RNAlater at the Institutional Biobank. Patients’ clinical
information and fluorescence in situ hybridization (FISH)
results were obtained from institutional medical records
using CIC break apart (Zytovision) or BCOR/CCNB3
dual fusion (Cytocell).

DNA isolation and hybridization on the EPIC beadchip
arrays

DNA was extracted with GenELUTE Mammalian
Genomic DNA Miniprep (SIGMA-Aldrich, St. Louis,
MO, USA; cat. ID: GIN70-1KT) and quantified with
Qubit™ dsDNA BR Assay Kits (Invitrogen'", Waltham,
MA, USA; cat. ID: Q32853). Around 500 ng of DNA was
bisulfite converted using EZ DNA Methylation Direct
(Zymo Research, Irvine, CA, USA; cat. ID: D5002)),
hybridized in the EPIC BeadChip Methylation arrays
(Ilumina, San Diego, CA, USA) and scanned on the
NextSeq550 (Illumina Inc, San Diego, CA, USA) using
system version 4.0.2.

RNA isolation and sequencing

RNA was extracted with RNeasy Kit (QIAGEN, Hilden,
Germany; cat. ID: 74106) and quantified with High Sen-
sitivity Qubit" RNA Assay Kits (Invitrogen'", Waltham,
MA, USA; cat. ID: Q32855). Transcriptome assay was
performed using Illumina Stranded Total RNA Prep,
Ligation with Ribo-Zero Plus (Illumina, San Diego, CA,
USA) and sequenced on the NextSeq550 or NOVAseqX
(Ilumina Inc, San Diego, CA, USA). Paired-end runs
were sequenced in 74 cycles per read (2x74), with an
average of 41.5 million reads per sample.

Bioinformatic analysis of methylation data
Samples that passed the quality checks, as given by both
BeadArray Controls Reporter and minfi QCreport func-
tion [22] were normalized using FunNorm [23].

Raw IDAT files for all 122 samples were uploaded to
the DKFZ Sarcoma Classifier (v12.2) classifier. We used
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the DKFZ Brain tumor (mnp v12.5) classifier for 7 cases
with low score by the DKFZ Sarcoma classifier (3 CIC-
rearranged sarcomas, 1 embryonal rhabdomyosarcoma,
2 high-grade neuroepithelial tumor with MN1:CXXC5
fusion and 1 atypical teratoid rhabdoid tumor MYC acti-
vated) and if they pointed to a molecular class with high
score, the typical alterations were validated with orthog-
onal techniques [15, 17]. Therefore, the higher scores
between the two classifiers were used as final classifica-
tion for each sample. A calibrated score higher than 0.9
was considered for molecular classification. Samples with
calibrated score ranging between 0.26 and 0.9 were eval-
uated as follows: if methylation-based classification was
concordant with histopathological diagnosis, molecular
classification was maintained and considered concord-
ant; if histopathological diagnosis and methylation-based
classification were discrepant, molecular classification
was discarded.

Next, IDAT files were analyzed using the minfi R pack-
age [22] and normalized using functional normalization
(FunNorm) method [23]. XYS and low-quality probes
were removed, remaining 758,591 probes for further
analysis. The 10,000 most variable probes were used for
unsupervised non-linear dimension reduction based on
standard deviation. Heatmaps and hierarchical cluster-
ing were performed using pheatmap (version 1.0.12)
with Ward method and euclidean for distance matrix.
MethylResolver R package 0.1.0 was applied to normal-
ized B-values and used to estimate tumor immune cell
infiltration and tumor cell purity. It uses a deconvolution
method on B-values of bulk tissues by comparing to the
methylation signature extracted from 11 leukocyte cell
types [24].

Conumee2 R package [25] was used to estimate CNA
from methylation arrays. Both methylated and unmethyl-
ated signal intensities are added together and compared
to a healthy pool of normal tissues (flat genome). This
ratio is plotted for each genome segment [26]. Conumee2
CNV.summaryplot() function was used to plot the CNA
percentages across samples. CNV.write(what = “over-
view”) function was used to generate a data frame with
chromosomal segments, genomic positions and CNA
type, further used to calculate the total number of gains
and losses for each sample.

Transcriptome fusion calling

Transcriptome raw data quality was verified with
FASTQC [27]. We used STAR-fusion [28] to identify and
annotate fusion transcripts based on discordant read
alignments with default configurations. ChimeraViz was
used to plot fusion genes [29].
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Statistical analysis

Survival analysis was performed using the Kaplan—Meier
method and survival curves were plotted using the ‘sur-
vival' (v 3.6-4) and ‘survminer’ (v 0.4.9) R packages.
The minimum purity required for a classification score
greater than 0.9 was calculated using a linear regression
model, dividing (0.9 - intercept) by the purity slope coef-
ficient (beta_1).

Results

Methylation profile predicted the classification of 88.5%

of pediatric sarcomas

The DKFZ classifier was applied to 122 samples from
107 patients (Supplemental Table 1). None of the sam-
ples failed the QC parameters from the classifier. The
average age was 11.9 years (1 year — 22.5 years), most
patients were male (64.8%) and 30.3% of patients died of
the disease.

Analysis of the classifier reported that 39 (31.96%) sam-
ples were predicted with low calibrate score (<0.90) (12
samples in agreement with histopathological diagnosis
and 27 samples had discrepancies). The remaining 83
(68.04%) samples were predicted to belong to one of the
defined methylation classes (calibrate score>0.90), from
which 65 agreed with the histopathological diagnosis, 10
samples did not and 8 samples were classified as inflam-
matory myofibroblastic tumors (n=2) or Langerhans
cell histiocytosis (n=6) probably due to an incorrect
or biased sampling of tumor. The diagnosis of Langer-
hans cell histiocytosis and inflammatory myofibroblas-
tic tumor can be associated purely with high content of
inflammatory cells or low tumor cell purity [30, 31].

Eighty-seven samples were considered for compari-
son between histopathological diagnosis and molecular
classification (75 samples with high calibrated score and
12 samples with subthreshold score, but in agreement
with the histopathological diagnosis). Of the 87 samples,
77 (88.5%) agreed and maintained the initial diagnosis
and the remaining 10 (11.5%) samples were considered
discrepant and were further investigated by orthogo-
nal techniques to substantiate or reject the predicted
diagnosis or molecular class. The discrepant cases were
molecular classified as CIC-rearranged sarcoma (n=1),
BCOR-rearranged sarcoma (n=3), NET_CXXC5 sar-
coma (n=2), Ewing sarcoma (n=2), ATRT_MYC tumor
(n=1) and embryonal rhabdomyosarcoma (n=1), all
with high calibrated score (Fig. 1A; Table 1).

Twelve cases had a biopsy and a consecutive sam-
ple collected (biopsy and either relapse or metastasis).
Molecular classification for both samples agreed in 6
(50%) of the cases (Supplemental Table 2).
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Fig. 1 Molecular classification of pediatric sarcomas. A Sankey plot showing molecular classification (right) compared to histopathological
diagnosis (left) Altered. B Unsupervised hierarchical clustering baked on the 10 thousand most variable probes (Red: methylated, blue:
unmethylated CpG site) Individual samples are color-coded labeled in the respective molecular class. C Unsupervised hierarchical

clustering of samples with cluster names. D Survival analysis showing the impact of osteosarcoma methylation subgroups (Overall survival

by Kaplan—-Meier analysis). SARC_CIC, CIC rearranged sarcoma (Brain classifier); OB Osteoblastoma, EWING Ewing sarcoma, OS_HG High-grade
osteosarcoma, SBRCT_BCOR BCOR rearranged sarcoma, CSA_MES Mesenchymal chondrosarcoma, ERMS Embryonal rhabdomyosarcoma, RMS_
EMB Embryonal rhabdomyosarcoma, ARMS Alveolar rhabdomyosarcoma, CSA_CC Clear cell chondrosarcoma, SPIND_SARC spindle cell sarcoma,
USARC Undifferentiated sarcoma, IMT Inflammatory myofibroblastic tumor, LCH Langerhans cell histiocytosis, CSA_IDH_GROUP_B Chondrosarcoma
IDH group B, ATRT_MYC Atypical teratoid rhabdoid tumor, MYC activated SYSA, Synovial sarcoma CB Chondroblastoma, AS Alveolar sarcoma,
ASPS Alveolar soft part sarcoma, CCSK Clear cell sarcoma of the kidney, CTRL_MUS Control tissue: muscle, DSRCT Desmoplastic small round cell
tumors, LIPO Lipoma, SEF Sclerosing epithelioid fibrosarcoma. Created with BioRender.com (099u352)

All samples were submitted to hierarchical clustering
based on the methylation levels of the 10 thousand most
variable CpG sites (Fig. 1B and C). Samples were discrim-
inated into two clusters. Cluster 1 contains the majority
of Ewing sarcomas (1 A), not classified tissues (1B), and
Ewing-like sarcoma, embryonal rhabdomyosarcomas
and high-grade neuroepithelial tumor with MNI1:CXXC5
fusion sarcomas (1 C). Cluster 2 was composed of osteo-
sarcomas showing a high CNA burden (2 A), as well as
Langerhans cell histiocytosis, chondroblastoma, osteo-
blastoma and a subset of osteosarcomas (2B).

Identification of chromosomal structures to confirm

the diagnosis of the classifier

To verify the classification given by DNA methylation,
we chose entities in which the detection of a transloca-
tion is used for diagnosis. These included 16 cases of
Ewing sarcoma, NET _CXXCS5 sarcoma, and BCOR- and

CIC-rearranged sarcomas that were submitted to FISH as
a routine tool (performed at the diagnosis of the case —2
cases with no RNA available) or RNAseq (for 14 samples
which RNA was available in the institutional biobank).

We confirmed that all Ewing sarcoma samples pre-
sented EWSRI-FLI1 or EWSRI-ERG translocations, as
well as the previously diagnosed as Ewing-like sarcomas
that showed BCOR- or CIC- rearrangement and NET _
CXXC5 (Fig. 2, Supplementary Fig. 1).

Characterization of the recurrent copy number alterations
in bone sarcomas

CNA analysis provides a good overview of pediatric sar-
comas regarding structural variants. At least one CNA
was found in 103 out of 122 sarcoma samples and 19
had a normal profile. Overall, 8q (30%), 14q (20%), 5p
(15%) and chr21 (20%) gains and 6q (20%), chr10 (18%),
13q (18%) and 8p (15%) losses were the most recurrent
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Table 1 Revised classification based on the classifier and orthogonal techniques results
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Case Histological diagnosis Classifier prediction Calibrated Identification of the CNAs
score translocation
SARC_11  Small round cell sarcoma CIC-rearranged sarcoma 0.93 FISH CIC-BREAKAPART chré, chr7 losses
SARC_05* Mesenchymal chondrosar- high-grade neuroepithelial 0.98 RNAseq MNT-CXXC5 chr10,
coma tumor with MNT:CXXC5 chri16,chri8, chr8 and chr9
fusion losses
chr5 and chri3 focal losses
SARC_38  Synovial sarcoma Atypical teratoid rhabdoid 0.99 - chr6 and chr7 losses, chr12
tumor, MYC activated focal loss
SARC_77* Mesenchymal chondrosar- high-grade neuroepithelial 1.00 RNAseq MNT-CXXC5 chr21g gain
coma tumor with MNT:CXXC5 chri2,chr3 and chr5 focal gains
fusion chrl, chri0q, chri2,chri3, chrie,
chri18,chr21,chr3, chrs, chré,
chr8p and chr9 focal losses
SARC_44  Spindle cell sarcoma Embryonal Rhabdomyosar-  1.00 - chr9
coma (CDKN2A/B) loss
chr8 gain®
SARC_111  Primitive neuroectodermal Ewing sarcoma 1.00 RNAseq EWSRI-FLIT chré and chr8 loss
tumor chr7 gain
SARC_110 Primitive neuroectodermal Ewing sarcoma 1.00 RNAseq EWSRI-FLIT Flat genome
tumor
SARC_09  Clear cells sarcoma of the kid- BCOR-rearranged sarcoma 1.00 RNAseq BCOR-CCNB3 chré loss
ney
SARC_29  Ewing sarcoma BCOR-rearranged sarcoma 1.00 RNAseq BCOR-CCNB3 chré loss
SARC_43  Spindle cell sarcoma BCOR-rearranged sarcoma 1.00 FISH BCOR/CCNB3 inv (X) chr10p loss

(p114p11.22)

#SARC_77 and SARC_05 are samples from the same individual (biopsy and relapse, respectively). MN1-CXXC5 was confirmed in the biopsy sample

b Typical alteration found in 40% of Embryonal rhabdomyosarcomas [15]

alterations (Fig. 3A). The distribution of the total num-
ber of copy number shifts per sample and the number of
chromosomes displaying CNAs were significantly higher
in malignant tumors (osteosarcoma and embryonal rhab-
domyosarcomas) than in benign lesions (Wilcoxon test,
p<0.05).

Osteosarcoma was the tumor class with more CNAs
(Wilcoxon test, p <0.05, Fig. 3B) and presented the most
complex profiles, with many CNAs distributed through-
out the genome, in addition to chromothripsis events.
This high number of CNAs is more evident in a subset
of osteosarcomas (Fig. 1B, cluster 2 A). Although the
number of patients is small, these patients had a poorer
overall survival compared to those cases that grouped in
cluster 2 C (Fig. 1D).

In embryonal rhabdomyosarcomas, 8q (55%), focal 7
(35%), focal 12 (35%) and focal gains in chr22 (35%) as
well as 6q (80%), chr9 (45%), chr3 (45%) and chr4 (45%)
losses were the most recurrent alterations. While 35%
of Ewing sarcomas had 8 gain and 20% had chrl2 gain,
the Ewing-like sarcomas showed a flat genome with few
recurrent focal CNAs (Fig. 3C). Ewing-like sarcomas
included BCOR- (10q loss in 20% samples) and CIC-rear-
ranged sarcoma (3p gain in 45%, 3q loss in 45% and 21p

gain in 45% samples). The synovial sarcomas presented
13p and chr21 gain in less than 20% of the cases.
Nonmalignant molecular classes were attributed to 17
cases: 4 inflammatory myofibroblastic tumors, 1 control
muscle and 12 Langerhans cell histiocytosis. Control
muscle showed a flat genome, corresponding to normal
tissue. However, inflammatory myofibroblastic tumors
and Langerhans cell histiocytosis (histopathological diag-
nosis of osteosarcoma and Ewing sarcoma) presented
CNAs, with 6q loss (20%) and 8q gain (15%) being the
most frequent. One sample, SARC_28, with the histo-
pathological diagnosis of osteosarcoma and methyla-
tion-based classification of Langerhans cell histiocytosis
(calibrated score 0.9) showed MYC amplification. These
findings suggest that non-cancer cell infiltration may
contribute to the misassignment of a methylation class,
however canonical DNA alterations (here exemplified by
CNA) can still be identified, showing that sample cellular
content included sarcoma cells, albeit to a lesser extent.
Using a deconvolution analysis, we found that samples
classified as inflammatory environment had a higher con-
tent of neutrophils. Tumor purity was also investigated
and, as expected, tumor cells content was correlated with
methylation-based calibrated score (Fig. 4).
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A Case: SARC_92 Histology: Ewing sarcoma

Molecular: Ewing sarcoma (Calibrated score: 1.0)
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B

Case: SARC_111 Histology: Primitive

neuroectodermal tumor
Molecular: Ewing sarcoma (Calibrated score: 1.0)

Case: SARC_29 Histology: Ewing sarcoma

Molecular: BCOR-rearranged sarcoma (Calibrated score: 1.0)

el

(=]

10

Case: SARC_77 Histology: Mesenchymal
chondrosarcoma

Molecular: High-grade neuroepithelial tumor with
MNT1-CXXC5 fusion (Calibrated score: 1.0)

Fig. 2 Identification of the translocation pointed by the methylation-based classification. Example of 4 cases with diagnostic fusion genes,
representing A Ewing sarcoma, B PNET, C and D as original diagnostic that changed to BCOR-rearranged sarcoma and high-grade neuroepithelial
tumor with MINT:CXXC5 fusion, respectively. Circus plot showing 22 autosomes and 2 sexual chromosomes as well as the mitochondrial genome,
all chromosomes with cytoband information. Fusion events as shown as links between locations in chromosomes (with gene names), red and blue
lines indicate intrachromosomal and interchromosomal fusions, respectively. The width of each line varies according to how many reads support

the fusion event. Created with BioRender.com (z831932)

Discussion

Current WHO classification of mesenchymal tumors dis-
tinguishes embryonal, alveolar, pleomorphic and spindle
cell/sclerosing rhabdomyosarcoma based on histologic,
genetic and clinical features. Some additional entities

are recognized based on the specific molecular altera-
tion [32]. Several of the new entities were firstly recog-
nized by genome-wide DNA methylation pattern, with
further characterization of molecular alterations by
orthogonal techniques, characterization of the molecular
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Fig. 3 Copy number profiles of pediatric sarcomas. A Recurrent copy number alterations (%) in all pediatric sarcomas and among the more
common molecular classes. Gray line means a chromosome and dashed gray lines centromeric regions dividing p and g arms. Zero means two
copies, above zero gain and below zero loss. B Number of altered chromosomes and number of copy number alterations among the more
common molecular classes, including benign samples. C Percentage of copy number alterations among the more common molecular classes.

Orange: gain, Blue: loss. Created with BioRender.com (x24n652)

pathogenesis, clinical behavior and actionable vulner-
abilities, such as sarcomas with FUS-TFCP2 or EWSRI-
TFCP2 fusions [33]. The recognition of the new entities
enables future researchers and requires the characteriza-
tion of a high number of samples. An accurate diagno-
sis directly impacts the prognosis of patients, modifying
stratification and management. The agreement between
both histopathology and molecular classification is simi-
lar to other studies [17, 19]. All osteosarcomas and Ewing
sarcomas were confirmed by the molecular classification.
Ewing-like sarcomas were reclassified as sarcomas with
BCOR or CIC rearrangements, which were later verified
using orthogonal techniques (RNAseq or FISH). Even

though these tumors are distinct from Ewing sarcoma,
the management of the patients is similar [34], however
CIC-rearranged sarcomas are extremely aggressive and
have a far lower prognosis than Ewing sarcoma [35]. One
case (with two samples, SARC-05 and SARC_77) was
diagnosed as mesenchymal chondrosarcoma and showed
low calibrated score (0.2) using the Sarcoma (v12.2) clas-
sifier but was classified as high-grade neuroepithelial
tumor with MN1:CXXC5 fusion (calibrated score 1.0)
using Brain tumor (mnp v12.5) classifier. This fusion was
further confirmed by RNAseq. We believe that this case
was a sarcoma with MN1-CXXCS5 fusion, but this class is
not yet represented in the Sarcoma classifier (v12.2).
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Samples that were not classified may reflect the low
number of classes represented in the classifier which will
evolve with the inclusion of additional studies. A practi-
cal example was the cases with molecular classification
of NET_CXXC5 or CNS_SARC_CIC. They did not have
a high calibrated score using the Sarcoma (v12.2) classi-
fier, but by the Brain tumor (mnp v12.5) classifier reached
a high calibrated score, which demonstrates a limitation
of Sarcoma (v12.2) to deal with more rare entities [19].
In our cohort, four cases of clear cell sarcoma of the kid-
ney were evaluated, from which two did not reach the
cut-off of 0.9 calibrated-score, one showed agreement
between methylation class and histopathological diagno-
sis, and one was classified as BCOR-rearranged sarcoma.
The majority of CSSK have either YWHAE-NUTM2B/E
fusion or BCOR-internal tandem duplication (ITD),
while BCOR-CCNBS3 fusion is extremely rare in this con-
text [36], but can be predicted by the Sarcoma classifier
(v12.2).

We identified eight (6.56%) tumors classified as Langer-
hans cell histiocytosis or Inflammatory myofibroblastic
tumor, which can be a consequence of the inflammatory
infiltrated cells interfering with the molecular classifica-
tion [17], suggesting that these classes may be related to
the tissue sampling for the biobank. Lower tumor purity
can lead to incorrect molecular classification as control
tissues since the addition of non-cancer cells biases the
methylation pattern [37]. This is a limitation of the study
as the frozen samples were not reviewed by a patholo-
gist before DNA extraction. Thus, in the 122 samples
analyzed, there was a correlation between tumor cell
proportion and molecular classification calibrated score,
confirming that tissue sampling is important for molecu-
lar classification. An independent study showed that the
prediction is related to the tumor purity content but not
with the accuracy [19]. For practical clinical settings,
it is of utmost importance to establish the minimum of
neoplastic cells required by the methylation classifiers
to avoid performing expensive methylation testing when
the expectation for false positive prediction is high. Also,
it was previously reported that Sarcoma classifier shows
low specificity for both Langerhans histiocytosis and
inflammatory myofibroblastic tumor, contributing to
false positive assignments [38]. Accordingly, the analy-
sis of tumor-infiltrating immune cells reported a group
of samples with higher content of neutrophils, classified
as Langerhans cell histiocytosis. Considering that the
histological-based diagnosis is correct, these cells could
be tumor-associated neutrophils (TANS) that are able
to polarize to pro- or anti-tumor phenotype. TANS can
secrete elastase to tumor cells, which activate PI3K path-
way and contribute to cell proliferation. They also con-
tribute to genetic instability and immunosuppression as

Page 9 of 12

well as mediate tumor cell lysis and CD8 cell stimulation
[39].

The hierarchical clustering based on the methylation
levels of the most variable CpGs grouped all Ewing sar-
comas into the same cluster (1 A) and discriminated the
osteosarcomas into two distinct clusters (2 A and 2 C)
with an impact in overall survival. The small number of
cases is a limitation for this finding, and thus requiring
further studies to explore both groups of osteosarcomas.
Cluster 2 A was composed of 23 high-grade osteosarco-
mas, with higher CNA burden when compared to other
14 samples in cluster 2 C. Although the variance analysis
identified two groups, all osteosarcomas share some com-
mon alterations compared to bone tissues. These altera-
tions were enriched for biological processes related to
skeletal development and cell differentiation and together
with DNMT3B overexpression suggest that DNA meth-
ylation is disrupted in osteosarcomas [40]. Future studies
are needed to investigate molecular and clinical differ-
ences between osteosarcoma subgroups.

Cluster 2 C was also composed of benign tumors
(chondroblastoma and osteoblastoma). Cluster 1B was
formed by samples that were not classified by DNA
methylation, which may indicate novel molecular classes
not yet represented in the Sarcoma Classifier [18, 19].
All samples classified as Langerhans cell histiocytosis or
inflammatory myofibroblastic tumors fell in the same
cluster (2B), in between two osteosarcoma subclusters
and the sample classified as control muscle tissue felt in
cluster 1B, close to Ewing sarcomas (1 A). MYC amplifi-
cation was observed in one sample classified as Langer-
hans cell histiocytosis (sarc_28). Alterations in MYC and
MYC-associated genes are enriched in the LCH cells [41,
42].

Similar to other pediatric solid tumors, sarcomas show
only few recurrent mutations [43, 44] meaning that other
alteration’s types are associated with cell transformation.
Our finding shows that malignant molecular classes had
a much larger distribution of CNAs than benign neo-
plasms and control tissues, similar to other studies [45].
The recurrent CNAs from this study are similar to other
studies in sarcomas: 8q (30%) and 14q (20%), 5p (15%)
and 21 (20%) gains and 6q (20%), 10 (18%), 13q (18%) and
8p (15%) losses are the most common events in pediat-
ric sarcomas, in agreement to other studies [7, 43]. CNA
profile of sarcomas can be helpful to stratify diagnosis,
but the lack of information combining multiple CNAs is
a disadvantage to obtain diagnosis suggestions.

In osteosarcomas, single cell analysis found small sub-
clonal diversification based on conserved CNAs over
tumor evolutionary process or acquired CNAs during
chemotherapy, suggesting that early catastrophic events,
such as chromothripsis and chromoanasynthesis, may
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be the primary mechanism of osteosarcoma develop-
ment [46, 47]. Chromothripsis were first described in
osteosarcoma [48] and defined as grouped chromosomal
shattering followed by random chromosomal restitching,
resulting in tens to hundreds of inter- and intra-chro-
mosomal rearrangements. Chromothripsis is linked to
aggressive malignancies and poor patient survival and are
related to failure of DNA repair pathways [49]. The high
frequency of structural variants were hypothesized to be
related to loss-translocation-amplification (LTA) chro-
mothripsis, which is preceded by a single double-strand
break, TP53 inactivation and segmental amplifications,
often amplifying oncogenes to high copy numbers and
mediates a rapid malignant evolution [50]. In agreement
with this hypothesis, 15% of high grade osteosarcomas
present MYC amplification that is generated by a single
chromothripsis-driven amplification event on chromo-
some 8q with multiple translocations [51].

Ewing sarcomas are more genomic stable tumors when
compared to osteosarcomas [45] with few recurrent
CNAs, such as trisomy of chromosomes 8 (50%) and 12
(25%), along with 1q amplification (19%) and 16q dele-
tions (17%) [52]. We found gain of chromosomes 8 and
12 in 35% and 20%, respectively, and loss of chromosome
16q in 19% of the cases. The EWS-FLII translocation is
necessary but not sufficient to Ewing sarcoma onset [53].
Therefore, searching for other somatic mechanisms, such
as DNA methylation and CNAs are important to better
understand the genomic landscape of those tumors.

Embryonal rhabdomyosarcomas also present some few
recurrent copy number gains involving chromosomes 2,
8, 12, and 20 as well as recurrent loss of heterozygosity
(LOH) of chromosomes 1, 7, 14, and X [7]. Gain of chro-
mosome 8 with MYC amplification, which seems to be
an early molecular event on rhabdomyosarcomatogen-
esis and involved in tumor initiation. It seems to be a
good prognosis marker for these cases while chr3q loss is
observed in a few cases (approximately 2%) and is related
to poor prognosis [54].

The molecular classification based on DNA methyla-
tion and CNAs could benefit the patients by providing a
more accurate and agnostic diagnosis. Ideally, the analy-
sis of the sample should have the histology evaluated by
the pathologist to select the best area for the assay. The
DNA methylation-based diagnosis is not sufficient by
itself to render a confident diagnosis in all cases, requir-
ing an integrated diagnostic approach, similar to brain
tumors. This is more relevant for cases when the DNA
methylation classification results are discrepant from the
histopathologic diagnosis. Nevertheless, the molecular
analysis disclosed entities not considered by histopa-
thology alone (CIC- or BCOR-altered tumors and MNI-
CXXCS fusion tumors) and suggested the existence of
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two groups of high-grade osteosarcomas. Pediatric can-
cer is rare and often less represented in studies and data-
bases, which gives additional importance for this study.
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