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Abstract: Soft tissue and bone sarcomas represent a group of aggressive neoplasms often accompa-
nied by dismal patient prognosis, especially when distant metastases are present. Moreover, effective
treatment can pose a challenge, as recurrences are frequent and almost half of patients present with
advanced disease. Researchers have unveiled the molecular abnormalities implicated in sarcomas’
carcinogenesis, paving the way for novel treatment strategies based on each individual tumor’s
characteristics. Therefore, the development of new techniques aiding in early disease detection and
tumor molecular profiling is imperative. Liquid biopsy refers to the sampling and analysis of patients’
fluids, such as blood, to identify tumor biomarkers, through a variety of methods, including qRT-PCR,
qPCR, droplet digital PCR, magnetic microbeads and digital PCR. Assessment of circulating tumor
cells (CTCs), circulating free DNA (ctDNA), micro RNAs (miRs), long non-coding RNAs (IncRNAs),
exosomes and exosome-associated proteins can yield a plethora of information on tumor molecular
signature, histologic type and disease stage. In addition, the minimal invasiveness of the procedure
renders possible its wide application in the clinical setting, and, therefore, the early detection of the
presence of tumors. In this review of the literature, we gathered information on biomarkers assessed
through liquid biopsy in soft tissue and bone sarcoma patients and we present the information they
can yield for each individual tumor type.

Keywords: liquid biopsy; soft tissue sarcomas; bone sarcomas; biomarkers; cancer; diagnosis;
prognosis; treatment

1. Introduction
1.1. Soft Tissue and Bone Sarcomas

Soft tissue and bone sarcomas represent a group of generally aggressive neoplasms,
arising from cells of mesenchymal origin. It is estimated that 13,460 people will be diag-
nosed with soft tissue cancer in 2021, as approximately 0.4 percent of men and women will
develop one during their lifetime, while 5-year survival amounts to 65% [1]. With approxi-
mately 40% of patients presenting with metastasis at the time of diagnosis and advanced
disease bearing a significantly grimmer outcome [1], the development of novel methods
aiding in timely tumor detection remains of utmost importance. Moreover, early diagnosis
of disease recurrence is imperative, as 5-year survival in cases with distant metastasis
drops to 15% [1]. As far as bone sarcomas are concerned, chondrosarcoma represents the
most common primary bone tumor in adults, comprising 40% of primary bone sarcomas,
followed by osteosarcoma (28%), chordoma (10%) and Ewing sarcoma (8%) [2]. Like their
soft tissue counterparts, bone sarcomas are accompanied by substantially poorer progno-
sis when disease is advanced. For chondrosarcoma, 5-year survival drops to 22% when
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metastasis is present, in contrast to 91% 5-year survival rates of localized disease [2]. The
immense impact of timely tumor detection has directed the medical community towards
the development of methods that identify the presence of neoplastic disease at early stages.
Serum biomarkers are already utilized routinely in clinical practice for soft tissue and
bone tumor prognosis and monitoring. To name but a few, alkaline phosphatase (ALP)
and lactate dehydrogenase (LDH) in osteosarcoma and myoglobin in rhabdomyosarcoma
are used as diagnostic and prognostic biomarkers. However, sensitivity and specificity
of ALP at the time of tumor detection amounted to 53.2% and 90.1% respectively. More-
over, in patients with metastasis, sensitivity remained at 53.2% but specificity dropped at
78.2% [3]. Such results indicate the necessity for further research on the discovery of novel
biomarkers that will effectively contribute to the fields of tumor detection and monitoring.
Latest research has unveiled the molecular mechanisms responsible for tumorigenesis in
many mesenchymal neoplasms, paving, thus, the way for the development of specialized
treatment regimens. In Gastrointestinal Stromal Tumors (GISTs), identification of c-kit
mutation led to targeted treatment with imatinib, yielding impressive results regarding
patients’ survival. In non-GIST soft tissue sarcomas that harbor PDGFR gene mutation,
as well as in 10% of GISTs that exhibit this specific mutation, the PDGFR-targeting drug
olaratumab has been approved for treatment [4]. Such characteristic examples only rep-
resent a small part of the ongoing advances in specialized molecular therapies targeting
genetic abnormalities present in soft tumor cancer cells. However, they underline the need
for novel, efficient and inexpensive methods that reveal the molecular signature of each
individual tumor, aiding in the development of a specialized treatment regimen, as well as
patients’ prognosis estimation.

1.2. Liquid Biopsy

The term liquid biopsy refers to the sampling and analysis of patients’ fluids, such as
blood, to identify tumor biomarkers. “Biomarkers” comprise of a broad-spectrum of biolog-
ical molecules which are indicators of normal and pathogenic processes and could be either
upregulated or downregulated after a response to a clinical intervention (e.g., surgical
excision, chemotherapy, radiotherapy) [5]. Conventional technical approaches adopted to
investigate plasma-derived biomarkers such as immunohistochemistry (IHC), fluorescence
in situ hybridization (FISH) and Enzyme-linked Immunosorbent Assay (ELISA) are nowa-
days being replaced with high-throughput techniques due to the application of modern
technological capacities [6]. Parameters assessed through novel liquid-biopsy techniques
include, among others, circulating tumor cells (CTCs), circulating free DNA (ctDNA),
micro RNAs (miRs), long non-coding RNAs (IncRNAs), exosomes and exosome—-associated
proteins [7]. A wide range of methods has been utilized by researchers, such as qRT-PCR,
qPCR, droplet digital PCR, magnetic microbeads and digital PCR [7]. Tumor cells, as
well as tumor cells undergoing apoptosis and necrosis, release ctDNA and miRs in blood
circulation. Moreover, DNA can be extracted from CTCs, as well as from circulating exo-
somes. Therefore, it becomes apparent that information regarding the genetic alterations
of a tumor can be obtained [8]. DNA abnormalities, such as amplifications, deletions and
translocations, chromosomal abnormalities and point mutations can be detected, revealing
the molecular profile of the tumor [8]. The techniques utilized are minimally invasive and
can be proven to be exceptionally useful in cases where the location of the tumor renders
the histological evaluation difficult. Consequently, timely diagnosis, assessment of the
primary site, progression and detection of recurrences can be achieved [8]. By capturing
the molecular landscape of a tumor, as well as detecting possible molecular changes in
tumor cells, personalized treatment regimens can be developed that will uttermost benefit
patients’” outcome. Moreover, aggressive tumor types and potential drug resistance can
be assessed through molecular profiling of tumor cells [9]. Lastly, treatment monitoring
through measurement of blood levels of certain biomarkers, which can exhibit stability or
increase in cases of treatment resistance, can prove a useful tool in the clinical setting [10].
A major challenge regarding the pre- clinical aspects for ideal liquid biopsy application in
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clinical specimens requires the establishment of blood sample handling protocols accompa-
nied by reliable processes for the isolation of circulating tumor DNA (ctDNA). According
to Gerber et al. blood collection in EDTA tubes for a maximum of 4 h in a room temperature
or for up to 24 h when stored at 4 °C is highly recommended to guarantee a great quality
of genomic analyses for the liquid biopsy [11].

The liquid biopsy technique is illustrated in Figure 1.
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e

Figure 1. The liquid biopsy technique. Note that in addition to apoptotic and necrotic tumor cells, viable tumor cells also
release DNA and miRNAs in the blood circulation (Created with BioRender.com, accessed on 21 October 2021).

1.3. Research Strategy

The authors explored appropriate studies addressing the liquid biopsy technique in or-
der to investigate the role of different biomarkers as diagnostic and prognostic tools in mus-
culoskeletal tumors. A systematic computer-based literature review search with predefined
criteria was performed in the following databases: MEDLINE /PubMed (1946-present) of
the National Library of Medicine and EMBASE (1947—present). The research methodol-

i

ogy used a combination of the following terms: “liquid biopsy [All fields]”, “soft tissue
sarcomas [All fields]”, “bone sarcomas [All fields]”, “biomarkers [All fields]”, “cancer
[All fields]”, “diagnosis [All fields]”, “prognosis [All fields]”, “treatment [All fields]”.
Searching of the reference lists of potentially relevant origin was also performed. The
electronic literature search was conducted independently by two authors (A.C.H., A.P).
Moreover, the senior authors (A.K., A.FF. and S.E.T.) independently screened the titles
and abstracts to identify relevant studies evaluating the application of liquid biopsy in

musculoskeletal tumors.

1.4. Inclusion Criteria and Study Selection

Inclusion criteria were: papers written in English, peer-reviewed journals and clinical
studies concerning the application of liquid biopsy in the clinical setting of musculoskeletal
oncology. In addition, in vitro and in vivo studies were eligible for inclusion that evaluated
the implication of the liquid biopsy technique on the early detection and monitoring of soft
tissue and bone sarcomas.

Exclusion criteria were: articles using language other than English, letters to the editor,
expert opinion publications, surveys with insufficient details about the correlation between
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the application of liquid biopsy with monitoring and clinical outcome of patients suffering
from soft tissue and bone sarcomas.

1.5. Data Extracted

Articles that conformed to the above-mentioned criteria were retrieved and all of the
studies related to these were extensively searched. The senior authors (A.K., A.EF. and
S.E.T.) examined all the identified surveys, extracting data using a predetermined form.
All data about the type of biomarkers, the samples and methods used in liquid biopsy
from each study were extracted and summarized in Tables 1 and 2 for soft tissue and
bone sarcomas, respectively. The two authors (A.C.H., A.P) extracted data from reviewed
studies about the genetic alterations in each tumor type and the biomarkers detected for
each tumor in liquid biopsy and results were presented in the figure which is included in
our article. The presence of duplicate studies was examined using the Endnote software
(Clarivate Analytics, Philadelphia, PA, USA).

Table 1. Markers studied through the liquid biopsy technique in soft tissue sarcomas, number of samples, methods utilized

and results conducted.

Markers Studied

Samples Included Methods Results Ref

Liposarcoma

In miR expression profiling to dis-
criminate liposarcoma subtypes
2. miR-145 and miR-451 behave as

L miR-145 57 tissue samples and miR microarray tumor suppressors [12]
2. miR-451 liquid biopsies 3. re-expression of miR-145 and
miR-451 means achievement of
therapeutic goal
. . _ 1. ctDNA detects minimal residual
1. ctDNA Patlenltjsagel;}zssv"l;?ﬂ(ln =64) disease and recurrence
2. cfDNA remission (1 = 19) 2. cfDNA was specific for the mon-
- myxoid liposarcomas: t(12;16) Healthy controls (1 = 41) i.toring of patients with myxoid
and TERT C228T promoter mu- i i i i posarcomas
on p Patients with myxoid qRT-PCR 3 MDM2  amplifications ~ was [13]

- well-differentiated /de-

liposarcomas (1 = 4)Patients

with well-differentiated / not sensitive for the detec-

differentiated liposarcomas: de-differentiated tign of ) patients _With .well-
MDM2 amplifications liposarcomas (1 = 5) differentiated / de-differentiated
liposarcomas
cfDNA isolation from 1. TP53 mutation correlates with tu-
L _ plasma mor size
TP53 mutations in ¢fDNA DDL (n = 21) with double 2. TP53 mutant clones resistant to [14]
centrifugation HDM2 —antagonists
1 R.36133 DDL patients
. mik- -op (n==6) miR-3613-3p is a specific
2. miR-4668-5p Healthy qRT-PCR biomarker for DDL (1]
individuals (n = 4)
Leiomyosarcoma
1. LMS ctDNA in 11/16 (69%) pa-
tients with disease progression
Patients (11 = 30) and total tumor burden > 5 cm
L. cfDNA 29/30 patients with matched Extractgcl. DNA. Was 2. No detected ctDNA in 16 pa-
2. paired genomic DNA from tumor sample quantllfle(.i using tients with stable or low disease [16]
resected tumors 8 patients with tumor Quant-iT PlcoGregn 3. ctDNA levels declined after tu-
samples only dsDNA Assay Kit mor resection (patient n = 1)
4. ctDNA detectable after disease
relapse (patient n = 1)
1. ctDNA Patients (n = 6)—blood FoundationACT™ No correlation between tumor fraction
2. CGP samples assay (F1ACT) or radiographic tumor volume [17]
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Table 1. Cont.
Markers Studied Samples Included Methods Results Ref
Ewing sarcoma
1. exosome-associated proteins ES cell lines qRT-PCR (Ex?is?mes tential bi Kers f
CD63 and CD81 (A673, SK-N-MC and Wetr}? prellla arelt rom edx.osome.S aIi':e poten lla 1.(C)1malr dgrs ot [18]
2> EWS-FLIl SB-KMS-KS1) e cell culture iagnosis of minimal residual disease
supernatant)
1. culture medium of ES
L In v%troz E WS/FII1 mRNA cell lines EWS/Fli-1 mRNA in microvesicles is a
2. In vivo: inoculated xenografts 2. plasma samples from gqRT-PCR otential non-invasive biomarker [19]
with TC135 or A673 cells. ES cell/xenografted p
mice
1. CD-99 on the surface of CTCs Blood samples from
2. EWSRI/FLI1 type 1/type 2 1. healthy  volunteers RT-PCR CTCs in liquids can be used for
3. EWSRI/ETS-related gene tran- (n=9) 4 prognostic and predictive purposes [20]
scripts type 1/type 9e. 2. ES patients (n = 18)
234 blood samples from 20 .
L EWSRI-FLIL ES patients before and after droplet digital PCR CtDNA for the monitoring of therapy [21]
2. ctDNA - response
multimodal treatment
EWS-FLI1 DNA useful in monitoring:
Blood samples and tissue 1 RT-aPCR 1. ES progression
EWS-FLI1 DNA breakpoints biopsy from ES 2' di _% 1 PCR 2. disease’s response during  [27]
patients (n=5) ’ 1gtta surgical and chemotherapeutic
treatment
1. TC71 xenograft or
PDX EWS 1 or EWS4
(n=5) 1. long range mul- EWS-ETS fusion gene breakpoint
EWS-ETS fusion gene breakpoint 2. plasma DNA from tiplex PCR ptDNA fragments is a specific
ptDNA fragments ES patients (n = 3) 2.  droplet digital biomarker to monitor (23]
patients with no de- PCR tumor relapse
tectable disease on
x-rays (n =2)
. Proteomic study of .
EWS-ETS transcripts ESFF{HCEI;meS ESFT-derived sEVs SEVs i.re 11)3 .otentlle:l [24]
B from 5 ESFT cell lines prognostic biomarkers
Rhabdomyosarcoma
1. ctDNA was measurable in > 50%
of pre-treatment plasma samples
. _ from ARMS patients
ctDNA ARMS patients (1 =7) ULP-WGS 2. All patients with ctDNA specific 129
blood sampled were positive for
PAX3/FOXO1 translocation
1. RMS patients (n = 10)
2. cell lines (Rh30, serum miR-206 expression
miR-206 SCMC-RM2, RD, RT-qPCR differentiates RMS and [26]
RMS-YM, CT-TC, non-RMS tumors
Rh18, Rh41
Synovial sarcoma
1. detection of SS18-SSX fusion gene
after  surgery/chemotherapy/
5518-SSX fusion genes from CTCs or Blood sample from SS L nested PCR. . rgchotherapy sooa e
cell-free nucleic acids patients (n = 15) 2. droplet digital cireumstance [27]
PCR 2. S5518-SSX  fusion gene not

sufficient for monitoring of
recurrence
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Table 1. Cont.
Markers Studied Samples Included Methods Results Ref
1. low detection rate of SS18-
. . Blood samples from SS 55X1/2 in circulation
§518-55X1/2 fusion genes in CTCs patients (n = 38) nested PCR 2. low sensitivity of S518-S5X1/2 [28]
for tumor detection
1. serum miR-92b-3p levels were
1. serum samples from significantly higher in SS patients
SS patients (n = 12) compared to healthy individuals
Vs other STS patients 2. miR-92b-3p discriminates pa-
miR-92b-3p (n=24) RT-gPCR tients with SS from the other STS  [29]
2. SYO-1, HS-SY-II, and patients
YaFuSS cell lines 3. potential clinical significance of
3. SS-bearing mice serum miR-92b-3p for the moni-
toring of SS
Table 2. Parameters measured through liquid biopsy in bone sarcomas, number of samples, methods used and results.
Markers Studied Samples Included Methods Results Ref
Osteosarcoma
1. 41/72 (56.9%) patients had de-
tectable ctDNA at the time of
diagnosis.
2. 11% (range 4.6-58%) of total
blood samples of OS cell-free DNA was ctDNA
ctDNA patients (n = 72) NGS assays 3. worse outcome and death asso- [30]
ciated with increased levels of
ctDNA
4. 8q gain was detected in 74.4%
OS patients
mutated alterations in TP53, RB1, .. . . .
ATRX, DLG2, PTEN, MET, and blootcfl satm(lille_s 7O)S NGS assays clinical relalpse_in 3 pat1epts with [31]
SLC19A1 in ctDNA patients (n = germline-tumor pairs

1. miRNAs tumor suppressors: 1. potential value as serum
miR-326, miR-133b, miR-206, biomarkers for detection
miR-152, miR-95-3p, miR-34b, and clinical evaluation of OS
miR-195, miR-223, miR-497 patients

. . - Blood samples of OS .

2. oncogenic miRNAs: miR-21, compared with RT-qPCR 2. assessment of therapeutic inter-
miR-196a, miR-196b, miR-195- heallt)h controls 4 ventions and responsiveness to [32]
5p and miR-199a-3p, miR-19%a- chemotherapy
5p, miR-221, miR-27a 3. correlated with systemic ex-

3. LncRNAs: TUGI1, 91H UCA1, pansion, tumor relapse and
IncRNA-ATB, MALAT1 poorer prognosis

1. CTCS can be discriminated
from mononuclear blood cells
by detecting Vimentin

2. High expression of ezrin in
CTCs correlated significantly

CTCs RNA probe with the formation of distant

1. surface-type Vimentin technology metastases

2 egrin Blood Szrtrifr?:ss of OS FISH to detect 3.  Patients with pulmqnary [33-35]

3. centromeres of chromosome 8 P centromeres of metastases revealed —higher

chromosome 8 circulating levels of CTCs
compared with patients free of
metastases.

4. High CTCs levels were corre-
lated with poorer prognosis for
OS patients

extracellular vesicle (EV)-educated
mesenchymal stem cells (TEMSC) Blood samples from OS mice RT-qPCR Prognostic and predictive tool in OS [36]

which express a
membrane-associated form of TGFf3

xenograft models




Int. ]. Mol. Sci. 2021, 22, 11526 70f18
Table 2. Cont.
Markers Studied Samples Included Methods Results Ref
Osteosarcoma
Blood samples of:
1. 48 OS patients with
Exosomes containing: lta.oor chemotherapeu- exosomal miRNAs could be reliable
iR- i iR- _ 1€ response . circulating biomarkers to
miR-124, m1R133a, miR-199a-3p, 7. 45 OS patients with RT-gPCR dicorim: & ) d [37]
and miR-385 h h iscriminate poor from goo:
EOOd chemotherapeu- treatment responders
ic response
3. 51 healthy controls
Chondrosarcoma
1. ctDNA was detected in
Blood samples from patients pretreatment samples in 14/29
IDH1 and IDH2 mutations in ctDNA with central digital PCR patients [38]
chondrosarcoma (n = 29) 2. clear reduction following

surgical removal

2. Soft Tissue Sarcomas
2.1. Liposarcoma (LPS)

LPS is the most common soft tissue sarcoma in adults, as it accounts for about 20% of
all mesenchymal malignancies [39]. Most frequently, LPSs arise from deep soft tissues
of lower limbs (24% of all limb sarcomas) and retroperitoneum (45% of all retroperi-
toneal sarcomas) [40]. LPS is classified in 3 subtypes according to WHO, based on the
morphological characteristics of each group: well-differentiated /dedifferentiated liposar-
coma (WDL/DDL), myxoid/round-cell liposarcoma (MRCL) and pleomorphic liposar-
coma (PLS) [41].

These subtypes differ from each, based on the specific genetic alterations they exhibit,
which could play a potential role in liquid biopsy for tumor monitoring. The WDL/DDL
type can be distinguished by amplification of the chromosomal region12q13-15, which
contains oncogenes like MDM?2, CDK4 and HMGA?2 [12]. The MRCL type includes the
t (12;16) (q13; p11) translocation, that generates the FUS-DDIT3 (FUS-CHOP) fusion pro-
tein [12]. Gits CM et al. supported that the microRNA expression profiles can distinguish
the liposarcoma subtypes. According to their published data in biopsy samples, miR-145
and miR-451 act as tumor suppressors in adipose tissue and could be evaluated in liquid
biopsy as promising biomarkers for monitoring either the recurrence or the progression of
LPS [12]. A different study examined the monitoring value of the breakpoint t (12:16) and
TERT C228T mutation in liquid biopsy of plasma samples of patients with myxoid liposar-
coma. The t (12;16) and TERT C228T ctDNA were detected prior to surgical excision of the
tumor and were significantly reduced after tumor removal and during lack of recurrence
during follow-up [13]. Liquid biopsy was obtained from 21 patients with DDL, who were
enrolled in a cohort study which evaluated the therapeutic value of SAR405838 (inhibitor
of the HDM2-p53) in tumor suppression. The TP53 mutations appearing in circulating
cell-free DNA (cfDNA) were found to be a reliable monitoring tool for DDL expansion [14].

The role of miR-3613-3p as a specific potential biomarker was identified through liquid
biopsy from blood samples of DDL patients. Using the qRT-PCR technique, they observed
significantly upregulated (fold change: >2.5; p < 0.05) levels of miR-3613-3p in patients
with dedifferentiated liposarcoma (1 = 6) compared to healthy individuals (n = 4) [15].

2.2. Leiomyosarcoma (LMS)

LMS is a soft tissue sarcoma derived from smooth muscle cells that can be subdivided
into three groups of origin: uterine, abdominal (retroperitoneum and gastro-intestinal) and
non-visceral. They can arise from extremities, representing approximately 2-10% of all
soft tissue tumors, as well as from bones in even rarer instances [42]. The most frequently
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affected patients belong to the age group between 50-70. In the majority of cases, the
tumor has a sporadic distribution, but it can be also developed in patients who received
radiation therapy or suffer from a hereditary disease, like retinoblastoma or Li-Fraumeni
syndrome [43]. It has been shown that the loss of tumor-suppressor genes, including RB1,
p53 and PTEN, can be the substrate for leiomyosarcoma to develop, although mutations in
single-nucleotides have not yet been identified [44].

Hemming et al. evaluated the utility of circulating tumor DNA (ctDNA) as a blood-
based biomarker in patients with leiomyosarcoma to detect progression or relapse of
disease using the non-invasive liquid biopsy technique [16]. In 11 (69%) out of 16 patients
who showed LMS progression and a primary tumor >5 cm in diameter, the ctDNA was
detectable. Additionally, in 16 patients with low grade disease, the liquid biopsy revealed
no amounts of circulating ctDNA, in contrast with detection of high levels of ctDNA in
patients with increasing tumor size [16]. Subsequently, the ctDNA was characterized as
a remarkable biomarker in LMS, as it diminished with tumor resection but increased in
tumor relapse.

A more recent study by Demoret et al., in concordance with that of Hemming ML,
revealed that ctDNA was present in liquid biopsy platforms of 6/6 patient who have been
suffering from LMS [17]. Despite of prior reports, their results suggested that ctDNA
was not a reliable biomarker in monitoring LMS, as the blood levels of ctDNA were
associated with neither radiographic finding of tumor volume expansion nor the number
of metastatic sites [17].

2.3. Ewing Sarcoma (ES)

ES is the second most prevalent osseous and soft tissue malignancy in childhood
after osteosarcoma. It is identified as a highly aggressive neoplasm which belongs to the
group of small round cell tumors [45]. The median age of diagnosis is 15 years and the
predominant origin of primary tumors are the pelvis (25%), femur (16%), ribs (13%), spine
(8%), and scapula (5%) [45]. It is reported that 25% of newly diagnosed patients suffer from
metastatic disease, mostly in their lungs and bones [46].

In the majority of ES cases (85%), the EWS-FLI1 (11;22) (q24; q12) gene translocations
arise from the fusion of ES breakpoint region 1 (EWSR1) with the transactivation domain
of FLI1, which belongs to the E26 transformation-specific (ETS) family of transcription
factors [47]. In 10% of all ES cases the translocation involves fusions between EWS and
other ETS family members such as ERG, FEV and ETV1, which interfere with tumorigenic
pathways, including cell growth, proliferation and differentiation [47].

The role of exosomes as biomarkers in the detection of ES progression was evaluated
in a preclinical setting by extracting extracellular vesicles (EVs) from ES cell-lines. Increased
levels of the exosome-associated proteins CD63 and CD81 were observed through flow-
cytometry and electron microscopy [18]. Subsequently, the use of gRT-PCR was proposed
in order to amplify the sensitive ES-specific transcript EWS-FLI1 for detection of residual
disease from peripheral blood samples of patients with ES [18]. Tsugita et al. conducted
further in vitro and in vivo trials to examine the efficacy of microvesicles as possible
diagnostic markers in ES patients [19]. Regarding their results, the microvesicles containing
the EWS/FII1 mRNA were detected from the medium of cultured ES cells carrying the
translocation (11;22) (q24; 12) [19]. Additionally, the analysis of aspirated blood samples
from xenograft nude mice who were injected with TC135 or A673 EC cells were found to
be quite remarkable. The EWS/Fli-1 mRNAs were measurable by quantitative PCR in up
to 40% (2/5 mice) of blood samples, suggesting that the detection of microvesicles could be
a non-invasive technique for monitoring the evolvement of ES [19].

The detection of circulating tumor cells in blood samples of eighteen ES patients was
demonstrated by Benini et al. using the liquid biopsy technique [20]. The isolation of ES tu-
mor cells was achieved by targeting their CD99 surface markers through immunoseparation
with CD99-antibody and magnetic microbeads. Circulating tumor cells were found above
the limit of 1 cell/mL in blood samples of ES patients but not in blood samples of healthy
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donors [20]. Using the RT-qPCR technique for detection of ES gene transcripts, 11 patients
were EWSR1/FLI1 type 1- positive, five patients were EWSR1/FLI1 type 2-positive, one
patient was EWSR1/ERG type 1- positive, and one was EWSR1/ERG type 9e—positive [20].

The kinetics of EWSR1 fusion sequence was evaluated in 234 plasma samples of 20 ES
patients [21]. Nineteen patients had the EWSR1-FLI1 fusion gene and one patient the
EWSRI1-ERG fusion sequence. The application of chemotherapy in ES patients reduced
the tumor volume, as depicted in CT and MRI scans, and diminished the circulating
EWSRI1 fusion sequence levels measured via droplet digital PCR. Larger local or metastatic
tumors exhibited higher blood levels of EWSR1 fusion transcripts. Additionally, the
commence of chemotherapy induced the fast reduction of circulating cell-free tumor
DNA (ctDNA), which returned in high levels in patients with tumor recurrence [21].
Allegretti et al. observed that the EWS-FL1 rearrangements can be directly identified
using RT-qPCR from ES tumor tissues extracted RNAs. Additionally, they used digital
PCR (dPCR) to amplify ctRNAs from plasma specimens by the noninvasive liquid biopsy
technique [22]. They concluded that ctRNA levels were correlated (p < 0.05) with tumor’s
progression parameters, such as the metabolic volume and the total lesion glycolysis,
which were identified by positron emission tomography (PET) [22]. The ctRNA levels
were measured through liquid biopsy and were recognized as a fundamental monitoring
tool for the ES progression as well as for the disease’s response during the surgical and
chemotherapeutic treatment [22].

Liquid biopsy has a remarkable role in monitoring the tumor burden in ES patients
utilizing a highly personalized technique. The tumor specific EWS-ETS fusion gene break-
point plasma tumor DNA fragments can be detected by droplet digital PCR (ddPCR)
method, as presented by Hayashi et al. in 2016. The blood analysis of 3 ES patients revealed
that measurable levels of plasma tumor DNA, following resection of primary tumors and
administration of chemotherapy, could be an alert sign indicating tumor relapse, while
disease is still clinically and radiographically undetectable [23].

The most recent study in 2020 by Samuel et al. evaluated the effect of 619 proteins
composing the subset of ES derived small extracellular vesicles as biomarkers in monitor-
ing the tumor burden at diagnosis, responsiveness to therapy and recurrence [24]. The
CD99/MIC2 and the NGFR membrane proteins were chosen to develop a liquid-based
assay in order to detect the mRNA cargo of well-established transcripts in ES, such as
the EWS-ETS. The liquid biopsy from ES pediatric patients with localized or metastatic
disease showed /revealed that the identification of novel extracellular vesicle proteomics
has significant diagnostic value [AUC = 0.92, p value = 0.001 for vesicles numeration,
with a Positive predictive value = 1.00, 95% CI = (0.63, 1.00) and a Negative predictive
value = 0.67, 95% CI = (0.30, 0.93)] compared with tumor-free donors [24].

2.4. Rhabdomyosarcoma (RMS)

RMS represents a high-grade sarcoma of skeletal myoblast-like cell origin [48]. The
incidence of RMS amounts to 4.9 patients per million people aged <15 years, indicating RMS
as the most common pediatric soft tissue sarcoma [49,50]. RMS is further classified in three
subtypes: the alveolar RMS (ARMS), the embryonal RMS (ERMS), and the pleomorphic
rhabdomyosarcoma (PRMS), which develop through different molecular mechanisms.

The well-known specific gene translocations in ARMS are the t(1;13 (p36;q15), which
results in the PAX3/FOXO1 fused genes, as well as the t(2;13)(q35;q14) translocation,
that generates the PAX7/FOXOL1 fusion [25,51]. Sorensen PH et al. demonstrated, in
171 pediatric ARMS individuals, that the expression of PAX3/FOXO1 and PAX7/FOXO1
translocations induce a significantly worse outcome compared to patients without them,
due to a higher risk for metastatic disease [51]. They further recorded a better overall
survival in PAX7/FOXOL1 positive patients (4-year overall survival was 77%) compared
to PAX3/FOXOL1 positive ones (4-year overall survival was 52%, p = 0.08), based on the
primary tumor evaluation [51]. The t(1;13)(p36;q15) and t(2;13)(q35;q14) translocations are
not usually detectable in ERMS and PRMS patients, but the PAX3, PAX7 and FOXO1 genes
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are frequently overexpressed [51]. In our opinion future studies would be able to evaluate
the prognostic role of the above fusion transcripts in RMS using liquid biopsy technique.

According to an experimental in vitro trial of Miyachi et al., the expression of muscle-
specific miRNAs (miR-1, -133a, -133b and -206) in RMS human cell lines was significantly
higher compared with their expression in non-RMS cultures [26]. Importantly, the serum
levels of the specific miR-206 in RMS patients were significantly elevated compared to
serum levels of non-RMS patients, demonstrating an important correlation with in vitro
findings. Additionally, analysis of plasma samples of RMS patients after treatment re-
vealed that the expression levels of each of the muscle-specific miRNAs were remarkably
decreased compared with non-treated ones [26]. Muscle-specific miRNAs, especially
miR-206, could become a reliable biomarker for RMS progression via the non-invasive
liquid biopsy analysis.

Another group of researchers used the ultralow passage whole-genome sequencing
technique to investigate the role of liquid biopsy technology in the detection of ctDNA in
7 patients with ARMS [25]. Their study showed that ctDNA was measurable in > 50% of
pre-treatment plasma samples from patients with ARMS. All patients with ctDNA specific
blood sampled were positive for PAX3/FOXOL1 translocation, indicating the promising
role of liquid biopsy in RMS'’s progress evaluation [25].

2.5. Synovial Sarcoma (SS)

SS is a malignant and very aggressive mesenchymal tumor which accounts approxi-
mately for 10% of all soft tissue sarcomas [52]. It mostly affects pediatric populations and
young adults with a peak incidence in the third decade of life [52]. Although extremities
are the most common locations to develop, SS could evolve at any site of the body [52].
The pathognomonic abnormality for SS is the genetic translocation t(X;18((p11.2q11.2)),
resulting in the fusion specific transcripts S518-S5X1, SS18-55X2 and rarely the SS18-S5X4,
in >95% of cases [52,53]. The presence of SS18-5SX fusion transcripts in either fresh tumors
or paraffin-embedded biopsy tissues can be detected by conventional RT-PCR, qRT-PCR
and dual color FISH techniques [54]. However, the function of SS18-SSX oncoproteins and
their association with the pathogenetic mechanisms which provoke the expansion and
progression of synovial sarcoma remain controversial [55,56].

A study conducted by Mihdly et al. attempted to explore the prognostic role of
S518-SSX fusion genes in 15 patients with synovial sarcoma by liquid biopsy [27]. The
droplet digital PCR and the nested PCR techniques were utilized in order to amplify
S518-5SX fusion genes from circulating tumor cells and cell-free nucleic acids [27]. At
the time of diagnosis, 10 patients had metastatic disease and 5 localized tumors. Based
on their findings, the SS18/SSX2 fusion transcript was only detected in small amounts
in only one patient by droplet digital PCR. Consequently, the detection of the S518-55X
fusion gene after surgical excision and/or chemotherapy/radiotherapy was infrequent
and failed to monitor the tumor recurrence. These results confirm previously published
data that quantification method by droplet digital PCR shows 10-fold greater sensitivity
compared with RT-qPCR [57]. In agreement with the aforementioned report, a larger study
by Przybyl et al. incorporated 38 patients with synovial sarcoma and revealed that nested
RT- PCR had a 5.3% sensitivity and 100% specificity in detection of SS18-S5X1/2 fusion
transcript [28]. Another previously conducted study also by Przybyl et al. had already
shown that only 9% (3/34) of patients diagnosed with SS had measurable circulating tumor
cells in their blood. The low detection of S518-55X1/2 in circulation depicted a diminished
role of this marker in the monitoring of synovial sarcoma’s progression [58].

A recent study by Uotani et al. examined the effectiveness of circulating miRNAs as fluid
biomarkers for the detection of patients suffering for synovial sarcoma and their prognostic
role in tumor dynamics [29]. Their findings demonstrated that serum levels of miR-92b-3p
were significantly higher in patients with synovial sarcoma compared to healthy individuals
[area under the curve -AUC of 0.77 (95% confidence interval = 0.61-0.94)] and patients diag-
nosed with other soft tissue sarcomas [AUC was 0.88 (95% confidence interval = 0.72-1.0)] [29].
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They further observed that cell-free miR-92b-3p was stable and was contained within exosome
fractions, rather than bound to the protein Argonaute-2, which plays a fundamental role in the
RNA silencing processes. Moreover, the measured blood levels of miR-92b-3p were associated
with the stages of tumor progression in transplanted mice with the human synovial sarcoma
cell line SYO-1, indicating its prognostic role in this neoplasm [29].

Hashimoto et al. examined the biopsy specimen from a 22-year-old pregnant woman
with synovial sarcoma in the thigh. Using RT-PCR, they observed the expression of the
specific SYT-SSX fusion gene transcript of synovial sarcoma in the neoplasm [56]. Due to
pregnancy, the administration of chemotherapy was postponed, and a wide local resec-
tion of the tumor was performed to the patient’s thigh [56]. Seven weeks later, multiple
pulmonary metastases developed, and the patient received 3 cycles of chemotherapy (dox-
orubicin, cyclophosphamide, ifosfamide) post-delivery. Blood samples from the mother,
child and placenta were evaluated for the presence of circulating SYT-SSX fusion gene by
nested PCR. A 212bp product representing the SYT-SSX fusion gene was extracted from
circulating tumor cells. While it was measurable in woman'’s blood before the removal of
the tumor, it was undetectable post-surgery [56]. The results of nested PCR from fetal and
placenta’s blood were in accordance with RT-PCR analysis of the tissue samples. Tumor
cells were not widespread in the fetus and the circulating levels of SYT-SSX fusion gene
proved to be of prognostic value regarding the progression of the synovial sarcoma of
the woman [56].

Table 1 summarizes the biomarkers investigated for soft tissue tumors detection and
monitoring, the number of patients included in the studies, the methods utilized and
the results.

The most common sites of occurrence for each soft tumor, the genetic alterations
identified in each tumor and the biomarkers detected in liquid biopsy are presented
in Figure 2.

LIPOSARCOMA RHABDOMYOSARCOMA
*12q13-15 amplification (WDL/DDL) *t(1;13)(p36;q15) and t(2;13)(g35;q14)
*t(12;16)(q13;p11) translocation (MRCL) translocations (ARMS)
*miR-145 and miR-451 *t(1;13)(p36;q15) and t(2;13)(q35;q14)

*breakpoint t(12:16) (myxoid liposarcoma) translocations (ERMS and PRMS)
*TERT C228T mutation (myxoid ‘ *PAX3, PAX7 and FOXO1 gene

liposarcoma) overexpression (ERMS and PRMS)

«TP53 mutations in cfDNA (DDL) *PAX3/FOXO1 translocation (ctDNA)
*miR-3613-3p upregulation (DDL)

LEIOMYOSARCOMA
loss of RB1, p53 and PTEN
EWING SARCOMA A
*EWS-FLI1 (11;22)(q24;q12) e SYNOVIAL SARCOMA
translocations /// *t(X;18((p11.2q11.2))
stranslocations between EWS and other translocation
ETS members (ERG, FEV and ETV1) *miR-92b-3p upregulation
*CD63 and CDB81 proteins (exosomes) — &~ || +SS18-SSX1/2 fusion genes (CTC
*CD99 (MIC2) and NGFR proteins and ctDNA, statistically

(tumor cells) insignificant)

*EWS/FLI1 mRNA (microvesicles)
*EWSR1/FLI1 type 1 and type 2 proteins CHONDROSARCOMA
*EWSRI1/ERG type 1 and type 9e fusions *IDH1 and IDH2 mutations

*EWSR1-NR4A3, RBP56-NR4A3 and
TCF12-NR4A3 translocations (myxoid

OSTEOSARCOMA chondrosarcoma)
*TP53, OTCH1, FOS, NF2, WIF1, *HEY1-NCOAZ2 and IRF2BP2-CDX1

BRCA2, APC, PTCH1 and (mesenchymal chondrosarcoma)
PRKART1A gene alterations *miR-181a upregulation (cancer cells)
*TP53, RB1, ATRX, DLG2, PTEN, *miR-100 downregulation (cancer cells)
MET and SLC19A1 (ctDNA) *IDH1 and IDH2 mutations (ctDNA)

Figure 2. Soft tissue and bone sarcomas’ most common locations. Blue fonts: genetic alterations identified in each tumor type.

Red fonts: Biomarkers detected for each tumor in liquid biopsy (Created with BioRender.com, accessed on 21 October 2021).
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3. Bone Sarcomas
3.1. Osteosarcoma (OS)

OS is the most common primary malignant osseous tumor overall, which mostly
arises within the metaphysis of long tubular bones of upper and lower extremities and
rarely from flat bones [59]. OS is usually diagnosed in the 2nd-3rd decades of life and its
prognosis depends on the presence of metastatic disease. Approximately, one quarter of
patients present with pulmonary metastases at the time of initial diagnosis [59]. Recent
studies in understanding the pathogenesis of OS revealed that no genetic translocation is
associated with the tumor expansion. Therefore, numerous chromosomal abnormalities
and mutations are involved in OS formation with TP53 being the most frequently altered
gene [60]. Laboratory markers, such as ALP (alkaline phosphatase) and LDH (lactate dehy-
drogenase) are usually interpreted in OS patients, albeit, it has been shown that their serum
concentrations lack specificity and sensitivity and they are not always predictive of disease
progression and response to treatment [61]. Furthermore, the bone resorption markers:
tP1INP (total procollagen type 1 amino-terminal propetide) and 3-CTx (3-isomerized C-
terminal telopeptides) were found elevated in OS patients compared to healthy volunteers.
However, they have not been recognized as reliable markers as their blood levels were
irregular and not indicative of tumor expansion clinically [62]. Considered the need for a
more reliable and non-invasive method for diagnosis and monitoring of tumor progression,
liquid biopsy represents a potential monitoring tool in OS.

A cohort study by Shulman et al. examined the levels of c¢tDNA in banked plasma
samples of 72 newly diagnosed OS patients, using next-generation sequencing (NGS)
assays [30]. Forty-one out of seventy-two patients (56.9%) had detectable ctDNA in their
blood samples at the time of diagnosis. Therefore, the authors observed a weak correlation
between total cell-free DNA and the percentage of ctDNA, as only 11% (range 4.6-58%) of
total cell-free DNA was ctDNA in patients who had detectable ctDNA (56.9%). Addition-
ally, a higher risk for worse outcome and death was significantly associated with increased
levels of ctDNA but not with total cell-free DNA [30]. Furthermore, the 8q gain was de-
tected in 74.4% (32 out of 43) OS patients who were ctDNA positive. The 3-year free survival
for patients with the 8q gain detected in ctDNA was found to be 60.0% (95% CI, 40.5-75.0)
compared to 80.9 (95% CI, 42.4-94.9) in those without it (p = 0.18) [30]. Barris et al. [31]
performed a targeted Next-Generation Sequencing (NGS) analysis to detect mutated al-
terations in TP53, RB1, ATRX, DLG2, PTEN, MET, and SLC19A1 genes in primary tumor
samples as well as in ctDNA collected from blood samples of 7 OS patients at various time
points (4 weeks prior-treatment of primary tumor-134 weeks post-treatment). According to
the findings, clinical relapse was noted among three patients with germline-tumor pairs.
In addition, single nucleotide variants (SNVs) were found in the tumor DNA of two pa-
tients with tumor relapse, but not in their genomic DNA. However, the small sample size
was a limitation of the study and conclusions about the prognostic role of ctDNA in OS
progression were not able to be extracted reliably [31].

Currently, liquid biopsy can be performed in patients suffering from OS to detect
circulating levels of miRNAs. MiRNAs are non-coding RNA molecules with the ability
to interfere with DNA and regulate gene expression. Consequently, miRNAs function as
tumor-mediators, acting either as suppressors or enhancers of cancer development [63].
It has been shown that the downregulation of tumor suppressors miRNAs in OS pa-
tients (e.g., miR-326, miR-133b, miR-206, miR-152, miR-95-3p, miR-34b, miR-195, miR-223,
miR-497) decreases apoptosis and increases proliferation, invasiveness and metastasis of tu-
mor cells, promoting, therefore, systematic disease [32]. On the contrary, the overexpression
of oncogenic miRNAs (e.g., miR-21, miR-196a, miR-196b, miR-195-5p and miR-199a-3p,
miR-199a-5p, miR-221, miR-27a) has been correlated with cancer progression, end-stage
disease, distant metastases and poorer prognosis. Subsequently, miRNNAs have exhibited
a promising potential value as serum biomarkers for detection and clinical evaluation of
OS patients during follow-up as well as for assessment of therapeutic interventions and
responsiveness to chemotherapy [32].
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Similarly, to serum miRNAs, another type of gene regulators called Long Non-
Coding RNAs (LncRNAs) play a significant role in OS monitoring and can be detected
in blood via Liquid Biopsy techniques. Notably, the overexpression of a plethora of
LncRNAs like Taurine up-regulated gene 1 (TUGL1), 91H (interacts withH19/insulin-like
growth factor 2), UCA1 (urothelial carcinoma associated 1), LncRNA activated by trans-
forming growth factor-f3 (IncRNA-ATB) and metastasis associated lung adenocarcinoma
transcript 1 (MALAT1) were found significantly elevated in OS patients compared with
their healthy counterparts [32]. Interestingly, increased circulating levels of each of these
biomarkers in OS patients were significantly correlated with systemic expansion, tumor
relapse and poorer prognosis [32].

To date, the isolation and detection of circulating tumor cells (CTCs) has become a
reliable method of monitoring the metastatic status of OS patients. Quantification of CTCs
is a very challenging technique which distinguishes tumorous from normal circulating
cells through specific molecules overexpressed only in CTCs [64]. CTCs of OS express the
surface-type Vimentin (intermediate filament protein) due to their mesenchymal origin and
can be discriminated from mononuclear blood cells which express the intracellular-type.
Thus, the circulating blood levels of CTCs act as predictive and prognostic biomarkers
for OS progression [33]. A recent study evaluated the expression of ezrin (a membrane-
cytoskeleton linker protein) in CTCs by RNA probe technology. According to the results,
the high expression of ezrin in CTCs correlated significantly with the formation of distant
metastases (x> = 152.51, p = 0.000) in end-stage IIIB (Enneking staging system) disease
compared with free of metastases early-stage disease (IIB) [34]. Another study applied a
novel method for quantification of CTCs by assessing aneuploidy (abnormal chromosome
numbers instead of surface markers) using the fluorescence in situ hybridization (FISH)
technique to detect the centromeres of chromosome 8 [35]. Patients with pulmonary
metastases revealed higher circulating levels of CTCs compared with patients free of
metastases. In addition, high CTCs levels were correlated with poorer prognosis for
OS patients [34].

The detection of serum extracellular vesicles is a promising useful tool for diagnosis
and monitoring of OS patients. These nanovesicles carry important information within
mRNAs, miRNAs and proteins in the bloodstream and modify the microenvironment of
metastatic sites to welcome and support circulating OS cells [65]. Likewise, they reflect
biological changes of OS cells which are the producing cells and determine the progression
of tumor as well as the response to chemotherapy [65]. The in vivo study by Baglio et al.,
showed that OS cells from mice xenograft models were able to secrete extracellular vesicle
(EV)-educated mesenchymal stem cells (TEMSC) which expressed a membrane-associated
form of TGFB. The overexpression of TGF( induced the production of IL-6. The re-
searchers showed that TEMSCs promoted tumor progression, while the administration
of tocilizumab, a pharmaceutical inhibitor of IL6 and TGF[3, restricted the expansion of
OS [36]. Moreover, they demonstrated that circulating levels of EV-associated TGF3 were
useful monitoring biomarkers in OS as they were found increased in OS patients [36].
A good chemotherapeutic response could be predicted in OS patients by monitoring
exosomes that transport specific miRNAs. It has been shown that reduced levels of trans-
ported miR-124, miR133a, miR-199a-3p, and miR-385 were significantly correlated with
poor chemotherapeutic response in OS patients compared to good responders [37]. Subse-
quently, exosomal miRNAs could be reliable circulating biomarkers to discriminate poor
from good responders, leading to elective changes in the therapeutic approach in some of
OS patients.

3.2. Chondrosarcoma (CS)

CS is the second most common primary bone tumor which forms cartilaginous
neoplastic tissue. Treating CS can prove quite challenging due to its resistance to both
chemotherapy and radiotherapy, making wide local excision the most efficient approach [66].
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Recently, Gutteridge et al. evaluated the monitoring and prognostic role of Isocitrate
dehydrogenase type 1 (IDH1) and IDH2 mutations in ctDNA, which were linked to dis-
ease progression as well as to transformation into dedifferentiated chondrosarcoma [38].
According to their research, ctDNA was detected, through the application of digital PCR,
in 14 out of 29 patients only prior to the onset of their treatment. In addition, the detection
of ctDNA appeared in all patients with GIII and dedifferentiated disease as well as in 8 out
of 17 cases with GII CS, but in no patient with early-stage GI disease. Interestingly, the
ctDNA levels were found significantly decreased after surgical excision of the primary
tumor, revealing their valuable role in liquid biopsy as potential biomarkers [38].

Although many in vitro trials have been demonstrated that miRNAs could be funda-
mental biomarkers for CS monitoring with liquid biopsy, we observed a lack of clinical
studies in published bibliography. For instance, it is well established that miR-181a (a tumor
promoter) is upregulated in high-grade and miR-100 (a tumor suppressor) is downregu-
lated in CS.

Similarly, the presence of chromosomal translocations such as EWSR1-NR4A3, RBP56-
NR4A3 and TCF12-NR4A3 in myxoid chondrosarcomas [67] as well as HEY1-NCOA?2 and
IRF2BP2-CDX1 in mesenchymal chondrosarcoma [68] are well identified in CS. However,
none of these potential biomarkers have been evaluated sufficiently in the clinical setting.

The biomolecules studied for diagnosis and monitoring of bone sarcomas through the
liquid biopsy technique as well as the results conducted are presented in Table 2.

Figure 2 illustrates the most common sites where bone sarcomas develop, the muta-
tions identified in its tumor and the biomarkers investigated.

4. Conclusions

Modern medicine is increasingly shifting its focus on timely disease detection to
maximize the therapeutic outcome for patients. Moreover, the inefficiency of penetrative
procedures and inadequacy of tissue biopsies to unveil the histological and molecular
signature of a tumor in its entirety has rendered the discovery of easily assessed tumor
biomarkers imperative. Studies that altogether incorporated hundreds of patients have
proven that evaluation of miRs, ctDNA, CTCs, and exosomes through the liquid biopsy
technique can be applicable in clinical practice in order to identify the presence of a tumor,
its molecular identity and the stage of the disease, as well as aid in the development of
the proper therapeutic intervention. Beyond that, liquid biopsy can also contribute to the
fields of treatment monitoring, patients’ follow up and prompt discovery of recurrence.
Furthermore, one of the greatest clinical relevance of liquid biopsy in the clinical oncology
setting consists of the application of a personalized diagnostic and monitoring tool as well
as the development and administration of customized therapies based on the detected gene
alterations in sarcoma patients. We believe that the identification of gene alterations, which
have been detected and utilized by liquid biopsy, represents a fundamental advancement
in precision medicine compared with the use of less specific and sensitive biomarkers
(e.g., detection of ALP and LDH) with conventional techniques. While the relatively high
cost and limited array of biomarkers represent issues that need to be further addressed,
we believe that the use of liquid biopsy in modern oncology comprises a promising novel
method in the fields of disease diagnosis, monitoring and treatment.
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Abbreviations

(O8] osteosarcoma

NGS Next-generation sequencing
FISH fluorescence in situ hybridization
CTCs circulating tumor cells

IDH1 Isocitrate dehydrogenase type 1
IDH2 Isocitrate dehydrogenase type 2
miR micro-RNA

ctDNA circulating tumor DNA

cfDNA cell-free DNA

STS soft tissue sarcomas

CTC circulating tumor cells

DDL dedifferentiated liposarcoma
cGp comprehensive genomic profiling
ptDNA plasma tumor DNA

PDX patient derived xenograft

ESFT Ewing Sarcoma Family Tumors
sEVs Small ESFT-associated extracellular vesicles
ARMS alveolar rhabdomyosarcoma
RMS rhabdomyosarcoma

ULP-WGS  ultralow passage whole-genome sequencing
SS synovial sarcoma

References

1.  Cancer Stat Facts: Soft Tissue including Heart Cancer. Available online: https://seer.cancer.gov/statfacts/html/soft.html
(accessed on 21 October 2021).

2. Bone Cancer (Sarcoma of Bone): Statistics. Available online: https://www.cancer.net/cancer-types/bone-cancer-sarcoma-bone/
statistics (accessed on 21 October 2021).

3. Kim, S.H,; Shin, K.H.; Moon, S.H.; Jang, J.; Kim, H.S.; Suh, ].S.; Yang, W.I. Reassessment of alkaline phosphatase as serum tumor
marker with high specificity in osteosarcoma. Cancer Med. 2017, 6, 1311-1322. [CrossRef]

4. Nakano, K,; Takahashi, S. Current molecular targeted therapies for bone and soft tissue sarcomas. Int. ]. Mol. Sci. 2018, 19, 739.
[CrossRef] [PubMed]

5. Geyer, PE.; Holdt, LM.; Teupser, D.; Mann, M. Revisiting biomarker discovery by plasma proteomics. Mol. Syst. Biol. 2017,
13,942. [CrossRef]

6. Perez-Gracia, J.L.; Sanmamed, M.E,; Bosch, A.; Patifio-Garcia, A.; Schalper, K.A.; Segura, V.; Bellmunt, J.; Tabernero, J.;
Sweeney, C.J.; Choueiri, TK,; et al. Strategies to design clinical studies to identify predictive biomarkers in cancer research. Cancer
Treat. Rev. 2017, 53, 79-97. [CrossRef] [PubMed]

7. Heidrich, I.; A¢kar, L.; Mossahebi Mohammadi, P.; Pantel, K. Liquid biopsies: Potential and challenges. Int. J. Cancer 2021,
148, 528-545. [CrossRef]

8.  Siravegna, G.; Mussolin, B.; Venesio, T.; Marsoni, S.; Seoane, J.; Dive, C.; Papadopoulos, N.; Kopetz, S.; Corcoran, R.B,;
Siu, L.L.; et al. How liquid biopsies can change clinical practice in oncology. Ann. Oncol. 2019, 30, 1580-1590. [CrossRef]

9.  Palacin-Aliana, I.; Garcia-Romero, N.; Asensi-Puig, A.; Carrién-Navarro, J.; Gonzédlez-Rumayor, V.; Ayuso-Sacido, A. Clinical
utility of liquid biopsy-based actionable mutations detected via ddpcr. Biomedicines 2021, 9, 906. [CrossRef]

10. Kilgour, E.; Rothwell, D.G.; Brady, G.; Dive, C. Liquid Biopsy-Based Biomarkers of Treatment Response and Resistance. Cancer
Cell 2020, 37, 485-495. [CrossRef]

11. Gerber, T.; Taschner-Mand], S.; Saloberger-Sindhoringer, L.; Popitsch, N.; Heitzer, E.; Witt, V.; Geyeregger, R.; Hutter, C.;
Schwentner, R.; Ambros, .LM.; et al. Assessment of Pre-Analytical Sample Handling Conditions for Comprehensive Liquid Biopsy
Analysis. J. Mol. Diagnostics 2020, 22, 1070-1086. [CrossRef] [PubMed]

12.  Gits, CM.M,; Van Kuijk, P.E; Jonkers, M.B.E.; Boersma, A.W.M.; Smid, M.; Van Ijcken, W.E; Coindre, ] M.; Chibon, E; Verhoef, C.;
Mathijssen, R.H.J.; et al. MicroRNA expression profiles distinguish liposarcoma subtypes and implicate miR-145 and miR-451 as
tumor suppressors. Int. J. Cancer 2014, 135, 348-361. [CrossRef] [PubMed]

13. Braig, D.; Becherer, C.; Bickert, C.; Braig, M.; Claus, R.; Eisenhardt, A.E.; Heinz, ].; Scholber, J.; Herget, G.W.; Bronsert, P; et al.
Genotyping of circulating cell-free DNA enables noninvasive tumor detection in myxoid liposarcomas. Int. J. Cancer 2019,
145,1148-1161. [CrossRef]

14. Jung,].; Lee, J.S.; Dickson, M.A.; Schwartz, G.K.; Le Cesne, A.; Varga, A.; Bahleda, R.; Wagner, A ].; Choy, E.; De Jonge, M.].; et al.

TP53 mutations emerge with HDM2 inhibitor SAR405838 treatment in de-differentiated liposarcoma. Nat. Commun. 2016, 7, 1-7.
[CrossRef]


https://seer.cancer.gov/statfacts/html/soft.html
https://www.cancer.net/cancer-types/bone-cancer-sarcoma-bone/statistics
https://www.cancer.net/cancer-types/bone-cancer-sarcoma-bone/statistics
http://doi.org/10.1002/cam4.1022
http://doi.org/10.3390/ijms19030739
http://www.ncbi.nlm.nih.gov/pubmed/29510588
http://doi.org/10.15252/msb.20156297
http://doi.org/10.1016/j.ctrv.2016.12.005
http://www.ncbi.nlm.nih.gov/pubmed/28088073
http://doi.org/10.1002/ijc.33217
http://doi.org/10.1093/annonc/mdz227
http://doi.org/10.3390/biomedicines9080906
http://doi.org/10.1016/j.ccell.2020.03.012
http://doi.org/10.1016/j.jmoldx.2020.05.006
http://www.ncbi.nlm.nih.gov/pubmed/32497717
http://doi.org/10.1002/ijc.28694
http://www.ncbi.nlm.nih.gov/pubmed/24375455
http://doi.org/10.1002/ijc.32216
http://doi.org/10.1038/ncomms12609

Int. J. Mol. Sci. 2021, 22, 11526 16 of 18

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Fricke, A.; Cimniak, A.F.V,; Ullrich, P.V,; Becherer, C.; Bickert, C.; Pfeifer, D.; Heinz, J.; Stark, G.B.; Bannasch, H.; Braig, D.; et al.
Whole blood MIRNA expression analysis reveals MIR-3613-3p as a potential biomarker for dedifferentiated liposarcoma. Carncer
Biomarkers 2018, 22, 199-207. [CrossRef]

Hemming, M.L.; Klega, K.; Rhoades, J.; Ha, G.; Acker, K.E.; Andersen, J.L.; Thai, E.; Nag, A.; Thorner, A.R.; Raut, C.P; et al.
Detection of Circulating Tumor DNA in Patients With Leiomyosarcoma With Progressive Disease. JCO Precis. Oncol. 2019, 3, 1-11.
[CrossRef] [PubMed]

Demoret, B.; Gregg, ].; Liebner, D.A.; Tinoco, G.; Lenobel, S.; Chen, J.L. Prospective evaluation of the concordance of commercial
circulating tumor dna alterations with tumor-based sequencing across multiple soft tissue sarcoma subtypes. Cancers 2019,
11, 1829. [CrossRef]

Miller, I.V.; Raposo, G.; Welsch, U.; Prazeres da Costa, O.; Thiel, U.; Lebar, M.; Maurer, M.; Bender, H.U.; von Luettichau, IL;
Richter, G.H.S.; et al. First identification of Ewing’s sarcoma-derived extracellular vesicles and exploration of their biological and
potential diagnostic implications. Biol. Cell 2013, 105, 289-303. [CrossRef] [PubMed]

Tsugita, M.; Yamada, N.; Noguchi, S.; Yamada, K.; Moritake, H.; Shimizu, K.; Akao, Y.; Ohno, T. Ewing Sarcoma Cells Secrete
EWS/Fli-1 Fusion mRNA via Microvesicles. PLoS ONE 2013, 8, e0077416. [CrossRef] [PubMed]

Benini, S.; Gamberi, G.; Cocchi, S.; Garbetta, J.; Alberti, L.; Righi, A.; Gambarotti, M.; Picci, P; Ferrari, S. Detection of circulating
tumor cells in liquid biopsy from Ewing sarcoma patients. Cancer Manag. Res. 2018, 10, 49-60. [CrossRef]

Krumbholz, M.; Hellberg, J.; Steif, B.; Bauerle, T.; Gillmann, C.; Fritscher, T.; Agaimy, A.; Frey, B.; Juengert, J.; Wardelmann, E.; et al.
Genomic EWSRI fusion sequence as highly sensitive and dynamic plasma tumor marker in ewing sarcoma. Clin. Cancer Res.
2016, 22, 4356-4365. [CrossRef]

Allegretti, M.; Casini, B.; Mandoj, C.; Benini, S.; Alberti, L.; Novello, M.; Melucci, E.; Conti, L.; Covello, R.; Pescarmona, E.; et al.
Precision diagnostics of Ewing’s sarcoma by liquid biopsy: Circulating EWS-FLI1 fusion transcripts. Ther. Adv. Med. Oncol. 2018,
10, 1758835918774337. [CrossRef]

Hayashi, M.; Chu, D.; Meyer, C.E; Llosa, N.J.; McCarty, G.; Morris, C.D.; Levin, A.S.; Wolinsky, J.-P; Albert, C.M.;
Steppan, D.A.; et al. Highly Personalized Detection of Minimal Ewing Sarcoma Disease Burden from Plasma Tumor DNA. Cancer
2016, 122, 3015-3023. [CrossRef]

Samuel, G.; Crow, J.; Klein, ].B.; Merchant, M.L.; Nissen, E.; Koestler, D.C.; Laurence, K.; Liang, X.; Neville, K.; Staggs, V.; et al.
Ewing sarcoma family of tumors-derived small extracellular vesicle proteomics identify potential clinical biomarkers. Oncotarget
2020, 11, 2995-3012. [CrossRef] [PubMed]

Klega, K.; Imamovic-Tuco, A.; Ha, G.; Clapp, A.N.; Meyer, S.; Ward, A.; Clinton, C.; Nag, A.; Van Allen, E.; Mullen, E,; et al.
Detection of Somatic Structural Variants Enables Quantification and Characterization of Circulating Tumor DNA in Children
With Solid Tumors. JCO Precis. Oncol. 2018, 2, 1-13. [CrossRef]

Miyachi, M.; Tsuchiya, K.; Yoshida, H.; Yagyu, S.; Kikuchi, K.; Misawa, A.; Iehara, T.; Hosoi, H. Circulating muscle-specific
microRNA, miR-206, as a potential diagnostic marker for rhabdomyosarcoma. Biochem. Biophys. Res. Commun. 2010, 400, 89-93.
[CrossRef]

Mihdly, D.; Nagy, N.; Papp, G.; Papai, Z.; Sapi, Z. Release of circulating tumor cells and cell-free nucleic acids is an infrequent
event in synovial sarcoma: Liquid biopsy analysis of 15 patients diagnosed with synovial sarcoma. Diagn. Pathol. 2018, 13, 1-7.
[CrossRef]

Przybyl, J.; Van De Rijn, M.; Rutkowski, P. Detection of S518-55X1/2 fusion transcripts in circulating tumor cells of patients with
synovial sarcoma. Diagn. Pathol. 2019, 14, 14-15. [CrossRef] [PubMed]

Uotani, K.; Fujiwara, T.; Yoshida, A.; Iwata, S.; Morita, T.; Kiyono, M.; Yokoo, S.; Kunisada, T.; Takeda, K.; Hasei, J.; et al.
Circulating MicroRNA-92b-3p as a Novel Biomarker for Monitoring of Synovial Sarcoma. Sci. Rep. 2017, 7, 1-11. [CrossRef]
[PubMed]

Shulman, D.S.; Klega, K.; Imamovic-Tuco, A.; Clapp, A.; Nag, A.; Thorner, A.R.; Van Allen, E.; Ha, G.; Lessnick, S.L.;
Gorlick, R.; et al. Detection of circulating tumour DNA is associated with inferior outcomes in Ewing sarcoma and osteosarcoma:
A report from the Children’s Oncology Group. Br. J. Cancer 2018, 119, 615-621. [CrossRef]

Barris, D.M.; Weiner, S.B.; Dubin, R.A.; Fremed, M.; Zhang, X.; Piperdi, S.; Zhang, W.; Magbool, S.; Gill, J.; Roth, M.; et al.
Detection of circulating tumor DNA in patients with osteosarcoma. Oncotarget 2018, 9, 12695-12704. [CrossRef]

Raimondi, L.; De Luca, A.; Costa, V.; Amodio, N.; Carina, V.; Bellavia, D.; Tassone, P.; Pagani, S.; Fini, M.; Alessandro, R.; et al.
Circulating biomarkers in osteosarcoma: New translational tools for diagnosis and treatment. Oncotarget 2017, 8, 100831-100851.
[CrossRef]

Satelli, A.; Li, S. Vimentin as a potential molecular target in cancer therapy Or Vimentin, an overview and its potential as a
molecular target for cancer therapy. Cell Mol. Life Sci. 2011, 68, 3033-3046. [CrossRef]

Zhong, G.X.; Feng, S.D.; Shen, R.; Wu, Z.Y,; Chen, E; Zhu, X. The clinical significance of the Ezrin gene and circulating tumor cells
in osteosarcoma. OncoTargets Ther. 2017, 10, 527-533. [CrossRef] [PubMed]

Zhang, H.; Gao, P; Xiao, X.; Heger, M.; Geng, L.; Fan, B.; Yuan, Y.; Huang, C.; Chen, G,; Liu, Y,; et al. A liquid biopsy-based
method for the detection and quantification of circulating tumor cells in surgical osteosarcoma patients. Int. J. Oncol. 2017,
50, 1075-1086. [CrossRef]


http://doi.org/10.3233/CBM-170496
http://doi.org/10.1200/PO.18.00235
http://www.ncbi.nlm.nih.gov/pubmed/30793095
http://doi.org/10.3390/cancers11121829
http://doi.org/10.1111/boc.201200086
http://www.ncbi.nlm.nih.gov/pubmed/23521563
http://doi.org/10.1371/journal.pone.0077416
http://www.ncbi.nlm.nih.gov/pubmed/24124617
http://doi.org/10.2147/CMAR.S141623
http://doi.org/10.1158/1078-0432.CCR-15-3028
http://doi.org/10.1177/1758835918774337
http://doi.org/10.1002/cncr.30144
http://doi.org/10.18632/oncotarget.27678
http://www.ncbi.nlm.nih.gov/pubmed/32821345
http://doi.org/10.1200/PO.17.00285
http://doi.org/10.1016/j.bbrc.2010.08.015
http://doi.org/10.1186/s13000-018-0756-2
http://doi.org/10.1186/s13000-019-0800-x
http://www.ncbi.nlm.nih.gov/pubmed/30871572
http://doi.org/10.1038/s41598-017-12660-5
http://www.ncbi.nlm.nih.gov/pubmed/29116117
http://doi.org/10.1038/s41416-018-0212-9
http://doi.org/10.18632/oncotarget.24268
http://doi.org/10.18632/oncotarget.19852
http://doi.org/10.1007/s00018-011-0735-1
http://doi.org/10.2147/OTT.S125589
http://www.ncbi.nlm.nih.gov/pubmed/28223819
http://doi.org/10.3892/ijo.2017.3905

Int. J. Mol. Sci. 2021, 22, 11526 17 of 18

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Baglio, S.R.; Lagerweij, T.; Pérez-Lanzén, M.; Ho, X.D.; Léveillé, N.; Melo, S.A.; Cleton-Jansen, A.M.; Jordanova, E.S.; Roncuzzi, L.;
Greco, M.; et al. Blocking tumor-educated MSC paracrine activity halts osteosarcoma progression. Clin. Cancer Res. 2017,
23,3721-3733. [CrossRef]

Xu, J.E; Wang, Y.P,; Zhang, S.J.; Chen, Y.; Gu, HE; Dou, X.E; Xia, B.; Bi, Q.; Fan, S.W. Exosomes containing differential expression
of microRNA and mRNA in osteosarcoma that can predict response to chemotherapy. Oncotarget 2017, 8, 75968-75978. [CrossRef]
[PubMed]

Gutteridge, A.; Rathbone, V.M.; Gibbons, R.; Bi, M.; Archard, N.; Davies, K.E.].; Brown, J.; Plagnol, V.; Pillay, N.; Amary, F; et al.
Digital PCR analysis of circulating tumor DNA: A biomarker for chondrosarcoma diagnosis, prognostication, and residual
disease detection. Cancer Med. 2017, 6, 2194-2202. [CrossRef] [PubMed]

Yang, L.; Chen, S.; Luo, P; Yan, W.; Wang, C. Liposarcoma: Advances in cellular and molecular genetics alterations and
corresponding clinical treatment. J. Cancer 2020, 11, 100-107. [CrossRef]

Huang, X.D.; Xiao, EJ.; Wang, S.X.; Yin, RH.; Lu, C.R;; Li, Q.F; Liu, N.; Zhang, Y.; Wang, L.S.; Li, P.Y. G protein pathway
suppressor 2 (GPS2) acts as a tumor suppressor in liposarcoma. Tumor Biol. 2016, 37, 13333-13343. [CrossRef] [PubMed]

Jo, V.Y,; Fletcher, C.D.M. WHO classification of soft tissue tumours: An update based on the 2013 (4th) edition. Pathology 2014,
46,95-104. [CrossRef]

Van Beeck, A.; van de Sande, M.; van Praag, V.; Dammerer, D.; Michielsen, J.; Schubert, T.; Kapanci, B.; Shumelinsky, F.; Somville, J.;
Dijkstra, S. Clinical Outcome of Surgically Treated Leiomyosarcoma of the Extremities: A Retrospective Overview. Anticancer Res.
2020, 40, 5319-5325. [CrossRef]

George, S.; Serrano, C.; Hensley, M.L.; Ray-Coquard, I. Soft tissue and uterine leiomyosarcoma. J. Clin. Oncol. 2018, 36, 144-150.
[CrossRef] [PubMed]

Chudasama, P.; Mughal, S.S.; Sanders, M.A.; Hiibschmann, D.; Chung, I.; Deeg, K.I; Wong, S.H.; Rabe, S.; Hlevnjak, M.;
Zapatka, M.; et al. Integrative genomic and transcriptomic analysis of leiomyosarcoma. Nat. Commun. 2018, 9, 1-15. [CrossRef]
[PubMed]

Paulussen, M.; Ahrens, S.; Burdach, S.; Craft, A.; Dockhorn-Dworniczak, B.; Dunst, J.; Frohlich, B.; Winkelmann, W.; Zoubek, A.;
Jiirgens, H. Primary metastatic (stage IV) Ewing tumor: Survival analysis of 171 patients from the EICESS studies. European
Intergroup Cooperative Ewing Sarcoma Studies. Ann. Oncol. 1998, 9, 275-281. [CrossRef] [PubMed]

Ladenstein, R.; Potschger, U.; Le Deley, M.C.; Whelan, J.; Paulussen, M.; Oberlin, O.; Van Den Berg, H.; Dirksen, U.; Hjorth, L.;
Michon, J.; et al. Primary disseminated multifocal Ewing sarcoma: Results of the Euro-EWING 99 trial. J. Clin. Oncol. 2010,
28, 3284-3291. [CrossRef]

Janknecht, R. EWS-ETS oncoproteins: The linchpins of Ewing tumors. Gene 2005, 363, 1-14. [CrossRef] [PubMed]

Skapek, S.X,; Ferrari, A.; Gupta, A.A.; Lupo, PJ.; Butler, E.; Shipley, J.; Barr, EG.; Hawkins, D.S. Rhabdomyosarcoma. Nat. Rev.
Dis. Prim. 2019, 5, 14-16. [CrossRef]

Perez, E.A.; Kassira, N.; Cheung, M.C.; Koniaris, L.G.; Neville, H.L.; Sola, ].E. Rhabdomyosarcoma in children: A SEER population
based study. J. Surg. Res. 2011, 170, e243—-e251. [CrossRef]

Lychou, S.E.; Gustafsson, G.G.; Ljungman, G.E. Higher rates of metastatic disease may explain the declining trend in Swedish
paediatric rhabdomyosarcoma survival rates. Acta Paediatr. Int. |. Paediatr. 2016, 105, 74-81. [CrossRef]

Sorensen, P.H.B.; Lynch, J.C.; Qualman, S.J.; Tirabosco, R.; Lim, J.E,; Maurer, HM.; Bridge, J.A.; Crist, WM.; Tricke, T.J.; Barr,
FE.G. PAX3-FKHR and PAX7-FKHR gene fusions are prognostic indicators in alveolar rhabdomyosarcoma: A report from the
Children’s Oncology Group. J. Clin. Oncol. 2002, 20, 2672-2679. [CrossRef]

Baranov, E.; McBride, M.].; Bellizzi, A.M.; Ligon, A.H.; Fletcher, C.D.M.; Kadoch, C.; Hornick, J.L. A Novel SS18-S5X Fusion-
specific Antibody for the Diagnosis of Synovial Sarcoma. Am. J. Surg. Pathol. 2020, 44, 922-933. [CrossRef]

El Beaino, M.; Araujo, D.M.; Lazar, A]; Lin, PP. Synovial Sarcoma: Advances in Diagnosis and Treatment Identification of New
Biologic Targets to Improve Multimodal Therapy. Ann. Surg. Oncol. 2017, 24, 2145-2154. [CrossRef]

Amary, M.E.C,; Berisha, F; Bernardi, ED.C.; Herbert, A.; James, M.; Reis-Filho, ].S.; Fisher, C.; Nicholson, A.G.; Tirabosco, R.;
Diss, T.C.; et al. Detection of SS18-SSX fusion transcripts in formalin-fixed paraffin-embedded neoplasms: Analysis of con-
ventional RT-PCR, qRT-PCR and dual color FISH as diagnostic tools for synovial sarcoma. Mod. Pathol. 2007, 20, 482-496.
[CrossRef]

Wei, Y,; Wang, J.; Zhu, X.; Shi, D.; Hisaoka, M.; Hashimoto, H. Detection of SYT-SSX fusion transcripts in paraffin-embedded
tissues of synovial sarcoma by reverse transcription-polymerase chain reaction. Chin. Med. J. 2002, 115, 1043-1047.

Hashimoto, N.; Myoui, A.; Araki, N.; Asai, T.; Sonobe, H.; Hirota, S.; Yoshikawa, H. Detection of SYT-SSX fusion gene in
peripheral blood from a patient with synovial sarcoma. Am. . Surg. Pathol. 2001, 25, 406—410. [CrossRef]

Mehle, N.; Dobnik, D.; Ravnikar, M.; Pompe Novak, M. Validated reverse transcription droplet digital PCR serves as a higher
order method for absolute quantification of Potato virus Y strains. Anal. Bioanal. Chem. 2018, 410, 3815-3825. [CrossRef]
Przybyl, J.; Kozak, K.; Kosela, H.; Falkowski, S.; Switaj, T.; Lugowska, I.; Szumera-Cieckiewicz, A.; Ptaszynski, K.; Grygalewicz, B.;
Chechlinska, M.; et al. Gene expression profiling of peripheral blood cells: New insights into Ewing sarcoma biology and clinical
applications. Med. Oncol. 2014, 31, 109. [CrossRef] [PubMed]

Bishop, M.W.; Janeway, K.A.; Gorlick, R. Future Directions in the Treatment of Osteosarcoma. Curr. Opin Pediatr. 2016, 28, 26-33.
[CrossRef] [PubMed]


http://doi.org/10.1158/1078-0432.CCR-16-2726
http://doi.org/10.18632/oncotarget.18373
http://www.ncbi.nlm.nih.gov/pubmed/29100284
http://doi.org/10.1002/cam4.1146
http://www.ncbi.nlm.nih.gov/pubmed/28834325
http://doi.org/10.7150/jca.36380
http://doi.org/10.1007/s13277-016-5220-x
http://www.ncbi.nlm.nih.gov/pubmed/27460081
http://doi.org/10.1097/PAT.0000000000000050
http://doi.org/10.21873/anticanres.14539
http://doi.org/10.1200/JCO.2017.75.9845
http://www.ncbi.nlm.nih.gov/pubmed/29220301
http://doi.org/10.1038/s41467-017-02602-0
http://www.ncbi.nlm.nih.gov/pubmed/29321523
http://doi.org/10.1023/A:1008208511815
http://www.ncbi.nlm.nih.gov/pubmed/9602261
http://doi.org/10.1200/JCO.2009.22.9864
http://doi.org/10.1016/j.gene.2005.08.007
http://www.ncbi.nlm.nih.gov/pubmed/16202544
http://doi.org/10.1038/s41572-018-0051-2
http://doi.org/10.1016/j.jss.2011.03.001
http://doi.org/10.1111/apa.13172
http://doi.org/10.1200/JCO.2002.03.137
http://doi.org/10.1097/PAS.0000000000001447
http://doi.org/10.1245/s10434-017-5855-x
http://doi.org/10.1038/modpathol.3800761
http://doi.org/10.1097/00000478-200103000-00017
http://doi.org/10.1007/s00216-018-1053-3
http://doi.org/10.1007/s12032-014-0109-2
http://www.ncbi.nlm.nih.gov/pubmed/25008066
http://doi.org/10.1097/MOP.0000000000000298
http://www.ncbi.nlm.nih.gov/pubmed/26626558

Int. J. Mol. Sci. 2021, 22, 11526 18 of 18

60.

61.

62.

63.

64.

65.
66.

67.

68.

Czarnecka, A.M.; Synoradzki, K.; Firlej, W.; Bartnik, E.; Sobczuk, P.; Fiedorowicz, M.; Grieb, P.; Rutkowski, P. Molecular biology
of osteosarcoma. Cancers 2020, 12, 2130. [CrossRef] [PubMed]

Zumarraga, ].P.; Baptista, A.M.; De La Rosa, L.P.,; Caiero, M.T.; De Camargo, O.P. Serum values of alkaline phosphatase and
lactate dehydrogenase in osteosarcoma. Acta Ortop. Bras. 2016, 24, 142-146. [CrossRef]

Hu, T; Yang, Q.; Xu, J.; Zhang, Z.; He, N.; Du, Y. Role of betaisomerized C-terminal telopeptides (beta-CTx) and total procollagen
type 1 amino-terminal propeptide (tP1NP) as osteosarcoma biomarkers. Int. J. Clin. Exp. Med. 2015, 8, 890-896. [PubMed]
Kong, Y.W.; Ferland-McCollough, D.; Jackson, T.J.; Bushell, M. MicroRNAs in cancer management. Lancet Oncol. 2012,
13, €249—e258. [CrossRef]

Joosse, S.A.; Pantel, K. Biologic challenges in the detection of circulating tumor cells. Cancer Res. 2013, 73, 8-11. [CrossRef]
[PubMed]

Whiteside, T. Tumor-derived exosomes and their role in cancer progression. Adv. Clin. Chem. 2016, 176, 100-106. [CrossRef]
Leddy, L.R.; Holmes, R.E. Chondrosarcoma of bone. In Orthopaedic Oncology. Cancer Treatment and Research, 162th ed.; Peabody,
T.D., Attar, S., Eds.; Springer: Cham, Switzerland, 2014; pp. 117-130.

Benini, S.; Cocchi, S.; Gamberi, G.; Magagnoli, G.; Vogel, D.; Ghinelli, C.; Righi, A.; Picci, P.; Alberghini, M.; Gambarotti, M.
Diagnostic utility of molecular investigation in extraskeletal myxoid chondrosarcoma. J. Mol. Diagn. 2014, 16, 314-323. [CrossRef]
Yamagishi, A ; Ichiyanagi, O.; Naito, S.; Ito, H.; Kabasawa, T.; Yamakawa, M.; Tsuchiya, N. Primary mesenchymal chondrosarcoma
of the kidney without HEY1-NCOAZ2 and IRF2BP2-CDX1 fusion: A case report and review. Oncol. Lett. 2020, 19, 885-891.
[CrossRef] [PubMed]


http://doi.org/10.3390/cancers12082130
http://www.ncbi.nlm.nih.gov/pubmed/32751922
http://doi.org/10.1590/1413-785220162403157033
http://www.ncbi.nlm.nih.gov/pubmed/25785071
http://doi.org/10.1016/S1470-2045(12)70073-6
http://doi.org/10.1158/0008-5472.CAN-12-3422
http://www.ncbi.nlm.nih.gov/pubmed/23271724
http://doi.org/10.1016/bs.acc.2015.12.005.Tumor-derived
http://doi.org/10.1016/j.jmoldx.2013.12.002
http://doi.org/10.3892/ol.2019.11143
http://www.ncbi.nlm.nih.gov/pubmed/31897203

	Introduction 
	Soft Tissue and Bone Sarcomas 
	Liquid Biopsy 
	Research Strategy 
	Inclusion Criteria and Study Selection 
	Data Extracted 

	Soft Tissue Sarcomas 
	Liposarcoma (LPS) 
	Leiomyosarcoma (LMS) 
	Ewing Sarcoma (ES) 
	Rhabdomyosarcoma (RMS) 
	Synovial Sarcoma (SS) 

	Bone Sarcomas 
	Osteosarcoma (OS) 
	Chondrosarcoma (CS) 

	Conclusions 
	References

