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Abstract
Malignant bone tumors (MBT) are a rare and heterogeneous group of tumors, arising mostly in chil-
dren. Localized disease is usually treated with surgery, but prognosis worsens in advanced stages.
Currently, with limited biomarkers in clinical use, prognosis depends on histological grading and clin-
ical features. However, the use of biomarkers remains inadequate, limiting treatment efficacy and
increasing the risk of recurrence and disease progression for patients. Potential biomarkers based on
genomics, proteomics, and clinical characteristics are currently entering clinical use in multiple cancers.
Biomarker research in MBT faces additional challenges resulting from the rarity of these entities. Emerg-
ing biomarker concepts require clinical validation to create robust frameworks for precision oncology.
This review of new biomarkers is based on relevant literature from Pubmed, Scopus, and clinicatrials.gov
databases retrieved in November 2023. At present, the definition of prognostic markers in malignant
bone tumors remains challenging. More research is needed, particularly to tailor treatments based on
advanced genetic profiling and analysis of individual tumor and patient characteristics. Many newly
identified biomarkers have not been clinically validated.
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Introduction

Primary bone sarcomas [malignant bone tumors
(MBT)] are a group of rare, malignant neoplasms,
which account for fewer than 0.2% of all malig-
nant neoplasms [1]. The most frequent MBT is os-
teosarcoma, followed by chondrosarcoma and Ewing
sarcoma. Chondrosarcoma is the most common MBT
occurring in adults, whereas osteosarcoma and Ew-
ing sarcoma are more frequent in adolescents [2]. The
10-year relative survival rate is 61.9% with the best
prognosis for chondrosarcoma [3–6]. In the pediatric
MBT population, average 5-year survival rates of 60%
to 70% have been reported [5]. Approximately 25%

∗Correspondence: Prof. Anna M. Czarnecka, Department of Soft
Tissue/Bone Sarcoma and Melanoma, Maria Sklodowska-Curie
National Research Institute of Oncology, ul. Roentgena 5, 02–781
Warsaw, Poland, tel.: +48 22 546 20 27, fax: +48 22 643 93 75
(anna.czarnecka@nio.gov.pl)
Received: 14 March 2024; Accepted: 22 March 2024; Early publica-
tion: 19 April 2024

of MBT patients are initially diagnosed with metas-
tases, which significantly affects their prognosis [7].
Survival statistics change in the case of metastatic
disease, as the five-year survival rate is 20–40% in
a metastatic setting [2]. However, the survival of MBT
patients has improved over the years, reflecting ad-
vances in management of the disease [8, 9]. Transi-
tional research in MBT patients is ongoing, and new
biomarkers have been proposed for diagnostic, prog-
nostic, and predictive applications.

Biological markers are defined as factors that can
be detected and monitored as indicators of normal
biological or pathogenic processes, as well as phar-
macological responses to a therapeutic intervention
[10]. Cancer biomarkers can be secreted by both can-
cer cells and healthy tissues in response to the ongoing
cancer process [11]. Biomarkers may be detected in
tumor tissue, in the patient’s serum, or in healthy tis-
sues [12]. Cancer biomarkers are classified in multiple
ways, regarding the origin or context in which they are
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used. These characteristics are either molecular, cel-
lular, immunological, genetic, or imaging-based [12].
At this point, multiple definitions of biomarkers are
used because of their putative applications. Further-
more, a single biomarker can meet multiple criteria for
different categories. Thus, while definitions may over-
lap, it is important to distinguish features that specify
particular purposes of their use. Diagnostic biomark-
ers are used to detect and confirm the presence of
a condition; sometimes they can be used also to clas-
sify a disease subtype. Prognostic biomarkers are used
to identify the probability of a clinical event, such as
disease recurrence or disease progression [13]. Pre-
dictive markers, on the contrary, allow identifying
patients who will or will not benefit from a specific
medical intervention [14].

Biomarkers have been used over many years in
the evaluation of cancer. Common examples include

CA-125 in ovarian cancer or CA-19.9 in pancreatic
cancer as indicators for diagnosing and monitoring
the disease course [15, 16]. Currently, laboratory tech-
niques detect specific biomarkers such as hormone-
-receptor status in breast cancer as a predictor of
response to adjuvant and neoadjuvant chemotherapy
[17–20]. Recent advancements in this regard include
genetic biomarkers, for instance, the Oncotype DX
Breast Recurrence Score test, which measures the ex-
pression of 21 genes on breast cancer tissues, helping
clinicians decide on the most beneficial treatment ap-
proach [21]. Other genetic predictive biomarkers have
been established over 10 years of studies and grouped
in the Pharmacogenomics Knowledgebase [22].

As mentioned before, extensive research based on
a multidisciplinary approach is conducted regarding
cancer biomarkers (Fig. 1). Due to their diversity
and incomplete understanding of molecular drivers of

Figure 1. A. Actual usage of prognostic and predictive biomarkers in clinical background; B. Research in the development of new biomark-
ers and their clinical application. The process of establishing a novel biomarker has multiple phases including candidate identification,
verification, and validation. Most of the biomarkers for sarcomas mentioned in this review are still in the early phases, and only a few of them
entered clinical practice. Considering the heterogeneity of this cancer and natural biological variation, a multidisciplinary approach based
on proteomics, genomics, and clinical research should be applied
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genesis and progression, sarcomas pose a challenge to
establishing consistent biomarkers. Compounds that
have been investigated as biomarkers in MBT in-
clude, among many serum substances produced by
both tumor and healthy cells, genetic features of the
sarcomas, circulating tumor DNA (ctDNA), micro-
-RNA (miRNA), inflammation process markers, and
receptors expressed on tumor cells [23]. Due to the
key role of patient risk assessment in the classifica-
tion for specific clinical management of sarcomas,
studies validating signatures that can be used to pre-
dict disease and treatment response are intriguing. In
this review, we discuss currently used and potential
biomarkers in sarcomas, with a particular focus on ge-
netic markers.

Clinical biomarkers
Multiple biomarkers can be classified as “clinical”;
cost efficiency and high specificity enable their appli-
cation as guides for clinical management. The actual
list of clinical biomarkers, used in various cancers as
well as sarcomas can be found in the National Com-
prehensive Cancer Network Compendium [24].

In MBT patients, the leading clinical prognostic
factor is the extent of the disease, which is defined
using one of the staging systems for bone sarcoma
[25–27], as well as histological subtype and grade as-
sessed according to the World Health Organization
(WHO) guidelines [28]. These factors have shown
a significant prognostic value [3, 6, 29] and constitute
the basis of therapeutic decisions [30, 31]. The neces-
sity to combine these factors led to the development
of nomograms for MBT. Nomograms are prognostic
instruments that integrate determinant variables and
yield a numerical likelihood of a clinical result [32].
Numerous nomograms have been established also for
the prognosis of patients with chondrosarcoma [33],
osteosarcoma, and Ewing sarcoma [34–36]. These
nomograms also utilize such factors as the occurrence
of surgery, chemotherapy, or the patient’s age. The
age at diagnosis is also an independent predictor of
increased survival — patients with Ewing sarcoma,
aged less than 28 years have a favorable prognosis
[36], as well as patients with osteosarcoma, younger
than 24 years [37].

Basic treatment for patients with Ewing sar-
coma and high-grade osteosarcoma often consists of
surgery, preceded by neoadjuvant chemotherapy [30,
31]; radiologic and pathologic responses of the tumor
to the neoadjuvant treatment may constitute prognos-
tic factors. There are various systems for outcome pre-
diction by histological response evaluation in patients
with Ewing sarcoma, of which the Bologna system
[38] and 100% tumor necrosis threshold [39] showed
the highest prognostic values [40]. In a study investi-
gating radiological and histological predictors of the

clinical outcome, the maximal standardized uptake
value (SUV) less than 2.5, obtained after neoadju-
vant treatment of patients with the Ewing sarcoma
family of tumors, was a predictor of an increase in
4-year progression-free survival (PFS) (80% vs. 33%,
p = 0.036) [41]. So was the favorable histological re-
sponse, defined as 10% or less viable tumor cells:
4-year PFS was 71% vs. 38% in patients without
favorable histological response [41]. Similarly, pa-
tients with high-grade osteosarcoma achieving poor
histological response (≥ 10% viable tumor) after
neoadjuvant treatment had decreased event-free sur-
vival (EFS) [hazard ratio (HR) = 2.13; p < 0.001]
[42]. In the case of recurrent disease, patients with
a longer disease-free interval between surgery and
relapse, have a more favorable prognosis. Patients
with Ewing sarcoma who experienced recurrence less
than 1 year after the surgery, had 6% 2-year post-
-relapse survival, whereas those, who experienced
recurrence later, achieved 88% 2-year post-relapse
survival (p = 0.001) [43]. Similarly, patients with os-
teosarcoma, enrolled in three different randomized
controlled trials, had increased post-relapse survival
if the relapse occurred later than 2 years after the ran-
domization (HR = 0.58; p = 0.003) [44].

Currently, there are no specific laboratory tests
available in clinical practice for diagnosis and stag-
ing of MBT [30, 31]. Serum lactate dehydrogenase
(LDH) level has been shown in a meta-analysis to
have a significant prognostic value for overall sur-
vival (OS) in osteosarcoma patients with pooled
HR = 1.87 (1.58–2.2) [45]; as well as alkaline phos-
phatase (ALP) level, with pooled HR ranging from
1.60 (1.38–1.86) [46] to 1.78 (1.52–2.07) [47]. Simi-
larly, in a meta-analysis including patients with Ew-
ing sarcoma, abnormally elevated LDH level was
shown to be a strong prognostic factor for decreased
OS — pooled HR = 2.9 (2.09–4.04), and 5-year PFS
— pooled HR = 2.4 (1.93–2.98) [48]. Determina-
tion of ALP and LDH levels is recommended by
clinical practice guidelines in patients with Ewing
sarcoma or osteosarcoma during diagnostic investiga-
tion, treatment, and surveillance [30, 31]. Moreover,
other studies included other characteristics such as
the neutrophil-to-lymphocyte ratio (NLR), C-reactive
protein (CRP), and the lymphocyte-to-monocyte ratio
(LMR). A meta-analysis evaluated NLR, LMR, and
serum CRP levels [49–53] in patients with different
bone sarcoma subtypes and indicated that increased
NLR is associated with shorter OS — HR = 1.76
(1.29–2.41) and PFS — HR = 1.77 (1.09–2.88), while
increased LMR predicts longer OS – HR: 0.73 (0.57-
-0.92), but not PFS [51]. On the contrary, platelet-to-
-lymphocyte ratio (PLR) had no significant prognostic
value [51]. In osteosarcoma patients, CPR and ery-
throcyte sedimentation rate (ESR) are associated with
poorer prognosis [53].
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Table 1. Selection of emerging blood markers with prognostic value in the context of malignant bone tumors

Study Reference Biomarker Histological
subtype

HR Endpoint

Aggerholm-Pedersen et al. [50] ACBS = 1
ACBS = 2

Osteosarcoma,
Ewing sarcoma,
Chondrosarcoma

2.7 (1.3–5.6)
3.6 (1.8–7.2)

Disease-specific
mortality

Yang et al. [52] NPS Group 2
NPS Group 3

Osteosarcoma 5.9 (1–6.4)
6.5 (1.2–13.6)

OS

Ouyang, Wang [54] SII ≥ 565 Osteosarcoma 1.001 (1–1.002) Cancer-specific
survival

De Angulo et al. [55] ALC > 500 cells/μL
after 15 days from 1st

chemotherapy cycle

Ewing sarcoma family
of tumors

0.1 (0.02–0.5) OS

ACBS—Aarhus composite biomarker score; ALC— absolute lymphocyte count; HR— hazard ratio; NPS—Naples prognostic score; OS— overall survival; SII — systemic
immune-inflammation index

Table 2. Selection of emerging molecular biomarkers with prognostic value in the sarcomas

Study Reference Biomarkers Biomarker
assessment

Histological
subtype

HR Endpoint

Mahmoud et al. [60] Survivin expression ≥ 50% IHC Ewing
sarcoma

1.86 (1–3.46) Event-free
survival

Shulman et al. [61] Loss of STAG2 expression IHC Ewing
sarcoma

HR = N/a
5-year EFS:
58.5% (expression) vs.
16.7% (loss)

5-year OS

Abrahao-Machado
et al.

[62] Brachyury negative staining IHC Ewing
sarcoma

2.23 (1.24–4) OS

Ge et al. [63] High TIM-3 level ELISA (obtained
from serum)

Osteosarcoma 2.12 (2.01–6.11) OS

Jiang et al. [64] High WNT6 expression ELISA (obtained
from serum)

Osteosarcoma 2.23 (1.06–10.84) OS

EFS — event-free survival; ELISA — enzyme-linked immunosorbent assay; HR — hazard ratio; IHC — immunohistochemistry; OS — overall survival; TIM-3 — T-cell
Immunoglobulin and mucin domain 3; WNT6—WNT family member 6;

Less frequently used potential hematological
biomarkers for MBT are summarized in Table 1.

Molecular biomarkers
Molecular biomarkers are a broad group of com-
pounds ranging from small molecules and nucleic
acids to cells. Their common feature is that they might
be discovered using genomics or proteomics [56].
This section will mainly discuss biomarkers accessed
by proteomics methods, detected in patients’ serum or
tissues [57, 58]. Genomic features will be mentioned
in the following sections.

Currently, there is no molecular biomarker for bone
sarcoma that is recommended in routine clinical prac-
tice, most potential biomarkers are at the stage of
retrospective studies and still need validation for this
indication [30, 59] although molecular studies should
be considered [31]. The most extensive research in-
cludes protein expression such as p53, Ki-67, SOX2,
and markers of hypoxia and angiogenesis. Less ap-
plicable biomarkers and future research directions are
summarized in Table 2 [60–64].

Moreover, in MBT, certain molecular biomarkers
can be identified within tumor tissue thus potentially
enhancing pathological assessments. The prognostic
significance of such biomarker — VEGF expression
— has been demonstrated in patients with osteosar-
coma, indicating worse outcomes if the VEGF ex-
pression was higher — HR = 1.75 [95% confidence
interval (CI) 1.21–2.28] [65]. This can be explained by
the key role of VEGF in mediating angiogenesis and,
therefore, facilitating tumor progression [66]. Simi-
larly, shorter OS and disease-free survival (DFS) in
patients with Ewing sarcoma and osteosarcoma have
been associated with high expression of p53 in the
tumor tissue [47]. In osteosarcoma patients, it was
also found, that high expression of Ki-67 not only
indicates poor prognosis but also predicts the develop-
ment of distant metastases — HR = 3.04 (1.51–6.12)
[48]. In patients with Ewing sarcoma, high expres-
sion of SOX2 (determined by immunohistochemistry)
was — independently of other prognostic factors —
associated with decreased overall survival and corre-
lated with increased risk of tumor relapse [49]. High
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Table 3. Selection of emerging genetic biomarkers of malignant bone tumors

Study Reference Histological
Subtype

Biomarker Biomarker
assessment

HR Comments

Bennani-Baiti
et al.

[71] Ewing
sarcoma

CXCR4 and CXCR7 qRT-PCR 8.0 for OS, p = 0.02 High expression of both
CXCR4 and CXCR7 correlates
with the shortest OS

Ohali et al. [72] Ewing
sarcoma

High and low-risk
subsets of genes

cRNA
oligonucleotide
microarray;
qRT-PCR

N/A Higher expression correlates
with poor prognosis
72-month PFS = 100 vs.
12.5%; p = 0.002

Liu et al. [73] Ewing
sarcoma

> 1 OncoPanel gene
(standard panel of
cancer genes)/TP53/
/STAG2mutation

Whole genome
sequencing

2.51 (1.01–6.26)
(subhazard ratio for
time to progression)

Trend toward significant
impact on OS was also
observed— HR = 2.32
(0.93–5.83); p = 0.07

FISH— fluorescence in situ hybridization; HR— hazard ratio; N/A—not applicable; OS— overall survival; PFS— progression-free survival; RT-PCR— reverse transcription
polymerase chain reaction

CCT6A expression was also proposed as a prognos-
tic biomarker in patients with Ewing sarcoma [67].
Also, circulating molecular biomarkers (which are
easily accessible, given their non-invasive character)
were proposed, including high baseline serum levels
of IGF-1 and IGF-BP3, which were related to shorter
EFS in patients with Ewing sarcoma [68].

Genetic biomarkers
The development of tumor genomic analyses has
changed sarcoma classification and currently, on this
basis, additional rare subtypes of sarcomas are dis-
tinguished. Bone sarcomas encompass disorders such
as translocations or activating mutations with sim-
ple karyotypes, as well as tumors with multiple ge-
nomic rearrangements and large chromosomal gains
and losses, commonly involving cell cycle genes e.g.
TP53, MDM2, RB1, and CDK4 [69, 70]. The use of
these features in diagnostics and differential diagnosis
is known, and work on the prognostic and predictive
value of genetic disorders is ongoing, but only some
have entered clinical practice. Herein we summarize
the most important potential genetic biomarkers in
bone sarcomas. Furthermore, other less commonly
used or presumed genetic biomarkers in sarcoma are
summarized in Table 3 [71–73].

Cytogenetic alterations result in patterns of gene
expression, often involving products that control can-
cer cell proliferation, apoptosis, and metastatic poten-
tial, which can determine the prognosis and response
to therapy [74]. Alterations that showed biomarker
potential can be found in Ewing sarcoma, where
nearly 90% of tumors harbor a recurring translocation
t(11;22) (q24;q12). That joins the FLI1 and EWSR1
genes, and the rest of the Ewing family tumors have
an alternative translocation involving the EWSR1 gene
[75]. Due to the great heterogeneity of EWSR1
gene fusions with FLI1 and other genes, multiple

studies accessed variants of chromosomal breaking
points and less common fusions such as with ERG,
ETV1, and ETV4 genes to establish their clinical sig-
nificance. They concluded the most common mutation
covering EWSR1 exon 7 to FLI1 exon 6 was a signifi-
cant positive predictor of OS [76–78].

Considering that only some sarcomas have char-
acteristic karyotype abnormalities, research focuses
on single-gene mutations and the expression of the
proteins they encode as potential future prognostic
biomarkers. In MBT genes involved in two main
tumor-suppressor pathways showed an impact on pa-
tients’ survival. TP53 and RB both serve as crucial
genes in cancer pathogenesis and progression. Two
large meta-analyses indicated their prognostic value in
osteosarcoma. Patients with TP53 mutations showed
shorter 2-year OS when compared to the patients with
WT TP53 — relative risk (RR) = 1.79 (1.12–2.84)
[79] while mutations resulting in loss of RB1 function
resulted in a higher mortality rate in osteosarcoma —
RR = 1.62 (1.23–2.1), a significant increase in metas-
tasis — OR = 3.95 (1.86–8.38), and a reduction in the
response to chemotherapy — OR = 0.35 (0.13–0.94)
[80]. Genomic analyses of chondrosarcoma pointed
out DNA mutations in isocitrate dehydrogenase 1
and 2 (IDH1 and IDH2), yet their prognostic impact
is disputed. It was stated that OS for patients with
IDH1/2 mutations was significantly lower than in pa-
tients without mutations (93% vs. 64%; p < 0.001).
Conversely, other studies suggested no influence of
those mutations on prognosis [81, 82]. Taking these
implications into account, clinical trials with IDH in-
hibitors have begun, but to date, there have been no
consistent results and the predictive role of this muta-
tion remains unknown [83].

The c-Myc gene belongs to the Myc gene fam-
ily and encodes a protein that acts as a transcription
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Table 4. miRNAs with significant prognostic value in osteosarcoma patients, assessable in the tumor specimen or the patient’s serum

High expression is associated with
poor prognosis (HR > 1)

High expression is associated with
a favorable prognosis (HR < 1)

Reference

Tumour tissue-derived
miRNAs

miRNA-21;
miRNA-214;
miRNA-29a;
miRNA-9;
miRNA-148a

miRNA-382;
miRNA-26a;
miRNA-126;
miRNA-195;
miRNA-124

[91]

Serum-derived miRNAs

miRNA-152;
miRNA-29a;
miRNA-29b;
miRNA-196a;
miRNA-196b;
miRNA-221;
miRNA-27a;
miRNA-191;
miRNA-300;
miRNA-542-3p;
miRNA-194

miRNA-133b;
miRNA-206;
miRNA-195;
miRNA-223;
miRNA-326;
miRNA-95-3p;
miRNA-497;
miRNA-491;
miRNA-124;
miRNA-491-5p;
miRNA-101;
miRNA-139-5p

[95]

HR— hazard ratio

factor. It regulates cell-cycle regulation and cellu-
lar differentiation. In cancer, it is involved in in-
vasiveness and metastatic potential. Aberrations in
this gene may include amplification and overexpres-
sion, leading to tumor development. Its presence has
been documented in angiosarcoma, osteosarcoma,
and leiomyosarcoma. The presence of expression de-
tected in IHC and detection of gene amplification are
unequivocally associated with poorer prognosis for
patients [84]. Early studies have shown that patients
with Myc amplification have significantly worse OS
and DFS compared to those without it [85]. In a study
of patients with osteosarcoma, it was confirmed that
Myc amplification was associated with a worse 3-year
OS rate (p = 0.015) [86]. Several reports confirm
the usefulness of this parameter as a prognostic fac-
tor in various subtypes of sarcomas [87, 88]. Also,
the GLI1 gene (zinc finger protein GLI1 also known
as glioma-associated oncogene) encodes the glioma-
-associated oncogene 1, which is a transcription factor
downstream of the sonic hedgehog signaling pathway
(Shh). The Shh pathway is involved in various reg-
ulatory processes within the cell. GLI1 up-regulates
target genes, particularly proliferative oncogenes that
promote malignant transformation. Although its role
in tumorigenesis among sarcomas has been recently
discovered, a meta-analysis has shown that overex-
pression of GLI1 in solid tumors is associated with
worse 3-, 5-, and 10-year OS, as well as DFS [89].
The overexpression of GLI1 in the Ewing sarcoma
vincristine-resistant cell line was demonstrated in the
preclinical model indicating possible predictive value
[90].

Moreover, the value of several miRNAs, lncRNAs,
and ctDNA as biomarkers have been investigated.

Two meta-analyses investigated a prognostic value of
tumor tissue specimen-derived miRNA [91, 92] in os-
teosarcoma patients. However, one of them [92] has
been criticized for its methodology [91]. The other
one provided information on the prognostic value of
12 distinct miRNAs, of which 10 were statistically
significant prognostic factors (Tab. 4) [91]. Expres-
sion of 5 distinct miRNAs (miRNA-382, miRNA-
-26a, miRNA-126, miRNA-195, miRNA-124) was
associated with a favorable prognosis, whereas other
miRNA’s expression indicated a poor prognosis [91].
Similarly, in patients with Ewing sarcoma, several
dysregulated miRNAs were identified, however, only
one of them — miRNA-34a — yielded prognostic
value as an independent factor [93, 94]. Interestingly,
one meta-analysis evaluated serum-derived miRNAs
as prognostic biomarkers in osteosarcoma patients
[95]. It was found that 23 serum-derived miRNAs had
a significant impact on patients’ prognosis. Twelve
of them were associated with a favorable prognosis,
while others — with poor prognosis (Tab. 4). Also,
several long non-coding RNAs (lncRNAs), detectable
in serum, were found to yield a prognostic value.
High expression of 91H, TUG1, MALAT1, ATB,
and UCA1 lncRNAs correlated with poor progno-
sis in osteosarcoma patients [96–100]. Serum-derived
miRNA, lncRNA, ctDNA, and circulating tumor cells
(CTCs) may become valuable sources of informa-
tion in routine clinical practice, as the liquid biopsy
emerges as a promising diagnostic tool, which is
non-invasive and easier than collecting additional tu-
mor tissue samples [101]. The prognostic value of
quantitative circulating tumor DNA (ctDNA) assess-
ment (namely: personalized — with patient-specific
EWSR1::FLI1 or EWSR1::ERG or EWSR1::CREM
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fusion breakpoint — digital droplet PCR) was demon-
strated in patients with Ewing sarcoma, enrolled in
the EWING2008 clinical trial [102]. The assessment
of the level of ctDNA enabled risk stratification for
EFS and OS — the survival outcomes were worse
when the level of ctDNA was higher [102]. These
findings were in line with previous studies, demon-
strating that the detection of ctDNA is associated with
worse outcomes in patients with osteosarcoma and
Ewing sarcoma [103]. Moreover, promising results
were obtained from a study conducted on a small
group of 30 osteosarcoma patients, in which the CTC
count was found not only to be a prognostic factor,
but it also correlated with response to chemotherapy
[104]. Notably, a novel method of ctDNA assess-
ment — the analysis of fragmentation patterns — has
been investigated in samples from patients with differ-
ent sarcoma subtypes, mostly Ewing sarcoma [105].
Apart from demonstrating the prognostic significance
of the analysis of fragmentation patterns, the authors
also postulated, that this method improves the reliabil-
ity of liquid biopsy, as it enables precise quantification
of ctDNA, tumor detection, and classification, in-
dependently of genetic aberrations [105]. The other
genetic aberration-independent approach to ctDNA
analysis — a methylation-based assay — has also
been tested in osteosarcoma patients, corroborating
the correlation of high ctDNA level with poor prog-
nosis [106]. The great potential strength of genetic
aberrations-independent methods for ctDNA detec-
tion is their wide applicability in tumors, which do
not have specific, recurrent genetic aberrations [105,
106].

Another genetic biomarker — tumor mutational
burden (TMB) — is defined as the number of so-
matic mutations per megabase (mut/Mb). High TMB
is associated with a generation of neoantigens, which
play an immunogenic role and elicit an antitumor
immunological response [107]. In clinical practice,
this can be illustrated by frequent responses to im-
munotherapy seen in patients with TMB-high tumors,
leading to Food and Drug Administration (FDA)
approval of pembrolizumab (anti-PD-1 immunother-
apy) in patients with a high TMB (defined as > 10
mut/Mb) [108–110]. Bone sarcomas, however, were
rarely found to exhibit high TMB: for osteosarcoma,
the reported median TMB was 2.5 mut/Mb, while
only 0.4% had TMB higher than 20 mut/Mb [111].
Overall, in another study in sarcoma patients, the me-
dian TMB was 2.4 mut/Mb, with 3.9% of patients
having TMB greater than 10 mut/Mb (which would al-
low for pembrolizumab administration). Interestingly,
in this same study, osteosarcoma and chondrosarcoma
patients had higher TMB when compared to the ma-
jority of patients with other sarcomas, whereas Ewing
sarcoma was associated with one of the lowest TMBs

[69]. The TMB was also significantly higher in adult
patients, compared to adolescents and young adults
[69]. Of note, higher TMB was found to be a negative
prognostic factor, indicating a higher risk of relapse,
for patients with localized Ewing sarcoma [73]. An-
other genetic biomarker, predictive for response to
immunotherapy, is mismatch-repair deficiency. The
dysfunction of mismatch-repair machinery leads to
somatic hypermutation and generation of neoantigens,
which then are recognized by the immune system,
leading to antitumor immunological response [112,
113]. Current evidence does not support clinically sig-
nificant occurrences of mismatch-repair deficiencies
in bone sarcomas. In a recent study, a large cohort
of patients with chondrosarcoma (206 patients), os-
teosarcoma (67 patients), and Ewing sarcoma (19 pa-
tients) has been assessed for mismatch-repair defi-
ciency, but it was not found in any of the patients
[112].

Biomarkers in clinical trials
Despite the improvement in survival of MBT pa-
tients, the efficacy of therapy in MBT patients is
still unsatisfactory, as approximately 30% of all MBT
patients will die within 5 years from the diagnosis
[9]. A promising possibility of improving patients’
outcomes is application of precision oncology in rou-
tine clinical practice. This approach assumes that
each patient is treated with personalized, biomarker-
-matched therapy to achieve maximum efficacy. In
a recent study, patients treated in biomarker-matched,
early phase, clinical trials were compared with those
treated in unmatched trials. In MBT patients, no
statistically significant difference has been observed
between patients receiving biomarker-matched and
unmatched treatments (unlike in patients with soft
tissue sarcomas). However, there was a trend to-
wards improved progression-free survival and OS in
biomarker-matched group [114].

Currently, no systemic targeted therapy is approved
by the FDA for treatment of patients with malignant
bone tumors. Several agents have been tested, includ-
ing ivosidenib, which is an inhibitor of oncogenic pro-
tein called IDH1 that underwent clinical investigation
in patients with advanced chondrosarcoma, harboring
a gain-of-function IDH1 mutation [115]. Durable dis-
ease control was achieved in several patients treated
with ivosidenib, illustrating the benefit coming from
the administration of biomarker-matched personal-
ized therapy [115]. Also, cabozantinib, which is an
inhibitor of VEGFR2 and MET, was investigated,
and it showed antitumor activity in patients with ad-
vanced osteosarcoma and Ewing sarcoma [116]. In
this study, a biomarker analysis was performed and
showed improved OS prognosis in patients with low
baseline VEGF-A concentrations (which is in line
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Table 5. Selected ongoing prospective biomarker studies in patients with malignant bone tumors

Clinicaltrials.gov identifier Sarcoma subtypes allowed
in participants

Aim of the study

NCT04132895 [118] Osteosarcoma Multi-center, prospective, observational study, which collects
longitudinal samples from osteosarcoma patients to search for
potential tumor tissue-derived and circulating biomarkers

NCT05942456 [119] Osteosarcoma Evaluation of soluble B7-H3 as a biomarker of response to the
treatment and as a prognostic factor

NCT06068075 [120] Ewing sarcoma or osteosarcoma Evaluation of the prognostic potential of liquid biopsy (and
ctDNA assessment)

with previous reports [65]), whereas higher baseline
concentration of soluble MET was related to improved
PFS on cabozantinib [116]. At the same time, none
of the investigated circulating biomarkers had prog-
nostic significance in Ewing sarcoma patients [116].
Interestingly, an early metabolic response (assessed by
FDG-PET/CT) at the end of the first cycle of cabozan-
tinib also had prognostic significance for patients with
osteosarcoma, as well as Ewing sarcoma [116].

A recent pilot clinical trial of Vigil (patient-specific
cancer vaccine) plus temozolomide and irinotecan in
recurrent Ewing sarcoma patients, besides demon-
strating activity of this regimen, supported the ap-
plication of quantitative ctDNA assessment in re-
sponse monitoring [117]. The correlation between
a decrease in tumor burden and the ctDNA level was
observed; however, it was unclear whether an increase
in ctDNA level is strictly related to disease progres-
sion, as in 2 patients (of 10 enrolled) an increase in
ctDNA level was detected without evidence of disease
progression [117]. Further research is warranted, as
ctDNA is a promising, minimally invasive biomarker
for response monitoring. Currently, there are ongoing
prospective biomarker studies in patients with malig-
nant bone tumors; selected studies are listed in Table 5
[118–120].

Conclusions

Currently, the care of patients with primary bone
sarcomas is facing challenges related to introducing
personalized, precision oncology to the routine clin-
ical practice. In the era of biomarker-driven person-
alization of treatment, the prognostic and predictive
factors in bone sarcoma patients represent an unmet
need. Recent advances in the field of translational
medicine identified several promising biomarkers.
Nomograms are predictive tools that combine deter-
minant variables and return a numerical probability
of a clinical outcome. Routine clinical ALP and LDH
levels are biomarkers used in patients with Ewing
sarcoma or osteosarcoma during diagnostic investi-
gation, treatment, and surveillance. Molecular tumor

tissue-derived and circulating biomarkers are emerg-
ing as reliable, non-invasive factors for risk assess-
ment, prediction, and monitoring of the response to
treatment. Serum-derived miRNA, lncRNA, ctDNA,
and CTCs may become valuable sources of informa-
tion in routine clinical practice, as the liquid biopsy
emerges as a promising diagnostic tool. Novel meth-
ods of circulating biomarkers, such as ctDNA frag-
mentation patterns, are expected to improve the appli-
cability of minimally invasive assays. Bone sarcomas
harbor targetable genetic aberrations, creating oppor-
tunities for personalized targeted therapy, which cur-
rently has limited availability outside clinical trials.

Article Information and Declarations

Author contributions
A.M.C.: conceived and designed the analysis, collected
the data, wrote the paper, edited the paper, coordi-
nated the project, supervision; P.B., P.C.: collected the data,
wrote the paper, edited the paper; P.R.: conceived and de-
signed the analysis, edited the paper, supervision.

Funding
Narodowe Centrum Nauki Nr 2019/35/O/NZ2/03761

Acknowledgments
None.

Conflict of interest
All authors declare no conflict of interest.

Supplementary material
None.

References
1. Gatta G, Capocaccia R, Botta L, et al. RARECAREnet working

group. Burden and centralised treatment in Europe of rare tu-
mours: results of RARECAREnet-a population-based study. Lancet
Oncol. 2017; 18(8): 1022–1039, doi: 10.1016/S1470-2045(17)
30445-X, indexed in Pubmed: 28687376.

2. Strauss SJ, Frezza AM, Abecassis N, et al. ESMO Guidelines
Committee, EURACAN, GENTURIS and ERN PaedCan. Electronic
address: clinicalguidelines@esmo.org Bone sarcomas: ESMO-
-EURACAN-GENTURIS-ERN PaedCan Clinical Practice Guideline
for diagnosis, treatment and follow-up. Ann Oncol. 2021;
32(12): 1520–1536, doi: 10.1016/j.annonc.2021.08.1995, indexed
in Pubmed: 34500044.

8 https://journals.viamedica.pl/oncology_in_clinical_practice

https://doi.org/10.1016/S1470-2045(17)30445-X
https://doi.org/10.1016/S1470-2045(17)30445-X
https://www.ncbi.nlm.nih.gov/pubmed/28687376
https://doi.org/10.1016/j.annonc.2021.08.1995
https://www.ncbi.nlm.nih.gov/pubmed/34500044
https://journals.viamedica.pl/oncology_in_clinical_practice


Anna M. Czarnecka et al., Novel biomarkers in bone sarcomas — diagnosis, treatment selection, and clinical trials

3. Damron TA, Ward WG, Stewart A. Osteosarcoma, chondrosar-
coma, and Ewing’s sarcoma: National Cancer Data Base Re-
port. Clin Orthop Relat Res. 2007; 459: 40–47, doi: 10.1097/BLO.
0b013e318059b8c9, indexed in Pubmed: 17414166.

4. Giuffrida AY, Burgueno JE, Koniaris LG, et al. Chondrosarcoma in
the United States (1973 to 2003): an analysis of 2890 cases from
the SEER database. J Bone Joint Surg Am. 2009; 91(5): 1063–1072,
doi: 10.2106/JBJS.H.00416, indexed in Pubmed: 19411454.

5. Saab R, Merabi Z, Abboud MR, et al. Collaborative Pediatric
Bone Tumor Program to Improve Access to Specialized Care: An
Initiative by the Lebanese Children’s Oncology Group. J Glob On-
col. 2017; 3(1): 23–30, doi: 10.1200/JGO.2016.003103, indexed in
Pubmed: 28717738.

6. Xu Y, Shi F, Zhang Y, et al. Twenty-year outcome of prevalence,
incidence, mortality and survival rate in patients with malignant
bone tumors. Int J Cancer. 2024; 154(2): 226–240, doi: 10.1002/ijc.
34694, indexed in Pubmed: 37596989.

7. Cole S, Gianferante DM, Zhu B, et al. Osteosarcoma: A Surveil-
lance, Epidemiology, and End Results program-based analysis
from 1975 to 2017. Cancer. 2022; 128(11): 2107–2118, doi: 10.
1002/cncr.34163, indexed in Pubmed: 35226758.

8. Whelan J, McTiernan A, Cooper N, et al. Incidence and survival
of malignant bone sarcomas in England 1979-2007. Int J Can-
cer. 2012; 131(4): E508–E517, doi: 10.1002/ijc.26426, indexed in
Pubmed: 21913189.

9. Hu X, Deng K, Ye H, et al. Trends in Tumor Site-Specific Survival of
Bone Sarcomas from 1980 to 2018: A Surveillance, Epidemiology
and End Results-Based Study. Cancers (Basel). 2021; 13(21), doi:
10.3390/cancers13215381, indexed in Pubmed: 34771548.

10. Strimbu K, Tavel JA. What are biomarkers? Curr Opin HIV AIDS.
2010; 5(6): 463–466, doi: 10.1097/COH.0b013e32833ed177, in-
dexed in Pubmed: 20978388.

11. Robb MA, McInnes PM, Califf RM. Biomarkers and Surrogate
Endpoints: Developing Common Terminology and Definitions.
JAMA. 2016; 315(11): 1107–1108, doi: 10.1001/jama.2016.2240,
indexed in Pubmed: 26978201.

12. Huss R. Biomarkers. Translational Regenerative Medicine. 2015:
235–241, doi: 10.1016/b978-0-12-410396-2.00019-0.

13. Aronson JK, Ferner RE. Biomarkers-A General Review. Curr Pro-
toc Pharmacol. 2017; 76: 9.23.1–9.23.17, doi: 10.1002/cpph.19,
indexed in Pubmed: 28306150.

14. Mishra A, Verma M. Cancer biomarkers: are we ready for the
prime time? Cancers (Basel). 2010; 2(1): 190–208, doi: 10.3390/
cancers2010190, indexed in Pubmed: 24281040.

15. O’Neill RS, Stoita A. Biomarkers in the diagnosis of pancreatic
cancer: Are we closer to finding the golden ticket? World J Gas-
troenterol. 2021; 27(26): 4045–4087, doi: 10.3748/wjg.v27.i26.
4045, indexed in Pubmed: 34326612.

16. Rosenthal AN, Jacobs IJ. The role of CA 125 in screening for ovar-
ian cancer. Int J Biol Markers. 1998; 13(4): 216–220, doi: 10.1177/
172460089801300408, indexed in Pubmed: 10228904.

17. Iwamoto T, Kajiwara Y, Zhu Y, et al. Biomarkers of neoadju-
vant/adjuvant chemotherapy for breast cancer. Chin Clin Oncol.
2020; 9(3): 27, doi: 10.21037/cco.2020.01.06, indexed in Pubmed:
32192349.

18. Piccart M, van ’t Veer LJ, Poncet C, et al. 70-gene signature as an
aid for treatment decisions in early breast cancer: updated results
of the phase 3 randomised MINDACT trial with an exploratory
analysis by age. Lancet Oncol. 2021; 22(4): 476–488, doi: 10.1016/
S1470-2045(21)00007-3, indexed in Pubmed: 33721561.

19. Ring AE, Smith IE, Ashley S, et al. Oestrogen receptor status,
pathological complete response and prognosis in patients re-
ceiving neoadjuvant chemotherapy for early breast cancer. Br
J Cancer. 2004; 91(12): 2012–2017, doi: 10.1038/sj.bjc.6602235, in-
dexed in Pubmed: 15558072.

20. van der Hage JA, Mieog JS, van de Vijver MJ, et al. European
Organization for Research and Treatment of Cancer. Efficacy of
adjuvant chemotherapy according to hormone receptor status
in young patients with breast cancer: a pooled analysis. Breast
Cancer Res. 2007; 9(5): R70, doi: 10.1186/bcr1778, indexed in

Pubmed: 17931406.
21. Syed YY. Oncotype DX Breast Recurrence Score: A Review of its

Use in Early-Stage Breast Cancer. Mol Diagn Ther. 2020; 24(5):
621–632, doi: 10.1007/s40291-020-00482-7, indexed in Pubmed:
32613290.

22. Whirl-Carrillo M, Huddart R, Gong Li, et al. An Evidence-
-Based Framework for Evaluating Pharmacogenomics Knowl-
edge for Personalized Medicine. Clin Pharmacol Ther. 2021;
110(3): 563–572, doi: 10.1002/cpt.2350, indexed in Pubmed:
34216021.

23. Burns J, Wilding CP, L Jones R, et al. Proteomic research in sarco-
mas - current status and future opportunities. Semin Cancer Biol.
2020; 61: 56–70, doi: 10.1016/j.semcancer.2019.11.003, indexed in
Pubmed: 31722230.

24. National Comprehensive Cancer Network. National Comprehen-
sive Cancer Network Compendium.

25. Amin MB, Edge S, Greene FL. (ed.). AJCC Cancer Staging Manual,
8th ed. Springer International Publishing AG, Chicago 2017.

26. ENNEKING W, SPANIER S, GOODMAN M. A System for the Sur-
gical Staging of Musculoskeletal Sarcoma. Clinical Orthopaedics
and Related Research. 1980; 153(&NA;): 106???120, doi: 10.1097/
00003086-198011000-00013.

27. Brierley J, GospodarowiczMK, Wittekind C. (ed.). TNM Classifica-
tion of Malignant Tumours, 8th Edition. Wiley Blackwell, Oxford
2017.

28. WHO Classification of Tumours Editorial Board. Soft Tissue and
Bone Tumours WHO Classification of Tumours, 5th Edition. WHO,
Lyon 2020.

29. Xu G, Wu H, Xu Y, et al. Homogenous and Heterogenous Prog-
nostic Factors for Patients with Bone Sarcoma. Orthop Surg.
2021; 13(1): 134–144, doi: 10.1111/os.12851, indexed in Pubmed:
33305494.

30. Strauss SJ, Frezza AM, Abecassis N, et al. ESMO Guidelines
Committee, EURACAN, GENTURIS and ERN PaedCan. Electronic
address: clinicalguidelines@esmo.org Bone sarcomas: ESMO-
-EURACAN-GENTURIS-ERN PaedCan Clinical Practice Guideline
for diagnosis, treatment and follow-up. Ann Oncol. 2021;
32(12): 1520–1536, doi: 10.1016/j.annonc.2021.08.1995, indexed
in Pubmed: 34500044.

31. National Comprehensive Cancer Network Inc. Referenced
with permission from the NCCN Clinical Practice Guide-
lines in Oncology (NCCN Guidelines®) for Bone Cancer 07
Aug 2023. https://www.nccn.org/professionals/physician_gls/
pdf/bone.pdf (25.10.2023).

32. Balachandran VP, Gonen M, Smith JJ, et al. Nomograms in
oncology: more than meets the eye. Lancet Oncol. 2015;
16(4): e173–e180, doi: 10.1016/S1470-2045(14)71116-7, indexed
in Pubmed: 25846097.

33. Sun Yu, Ouyang C, Zhang Yu, et al. Development and validation
of a nomogram for predicting prognosis of high-grade chon-
drosarcoma: A surveillance, epidemiology, and end results-based
population analysis. J Orthop Surg (Hong Kong). 2023; 31(2):
10225536231174255, doi: 10.1177/10225536231174255, indexed
in Pubmed: 37147017.

34. Wang J, Zhanghuang C, Tan X, et al. A Nomogram for Predicting
Cancer-Specific Survival of Osteosarcoma and Ewing’s Sarcoma
in Children: A SEER Database Analysis. Front Public Health. 2022;
10: 837506, doi: 10.3389/fpubh.2022.837506, indexed in Pubmed:
35178367.

35. Zheng Y, Lu J, Shuai Z, et al. A novel nomogram and risk clas-
sification system predicting the Ewing sarcoma: a population-
-based study. Sci Rep. 2022; 12(1): 8154, doi: 10.1038/s41598-022-
11827-z, indexed in Pubmed: 35581219.

36. Hsu CJ, Ma Y, Xiao P, et al. Overall survival comparison between
pediatric and adult Ewing sarcoma of bone and adult nomogram
construction: a large population-based analysis. Front Pediatr.
2023; 11: 1103565, doi: 10.3389/fped.2023.1103565, indexed in
Pubmed: 37287626.

37. Duchman KR, Gao Y, Miller BJ. Prognostic factors for survival in
patients with high-grade osteosarcoma using the Surveillance,

https://journals.viamedica.pl/oncology_in_clinical_practice 9

https://doi.org/10.1097/BLO.0b013e318059b8c9
https://doi.org/10.1097/BLO.0b013e318059b8c9
https://www.ncbi.nlm.nih.gov/pubmed/17414166
https://doi.org/10.2106/JBJS.H.00416
https://www.ncbi.nlm.nih.gov/pubmed/19411454
https://doi.org/10.1200/JGO.2016.003103
https://www.ncbi.nlm.nih.gov/pubmed/28717738
https://doi.org/10.1002/ijc.34694
https://doi.org/10.1002/ijc.34694
https://www.ncbi.nlm.nih.gov/pubmed/37596989
https://doi.org/10.1002/cncr.34163
https://doi.org/10.1002/cncr.34163
https://www.ncbi.nlm.nih.gov/pubmed/35226758
https://doi.org/10.1002/ijc.26426
https://www.ncbi.nlm.nih.gov/pubmed/21913189
https://doi.org/10.3390/cancers13215381
https://www.ncbi.nlm.nih.gov/pubmed/34771548
https://doi.org/10.1097/COH.0b013e32833ed177
https://www.ncbi.nlm.nih.gov/pubmed/20978388
https://doi.org/10.1001/jama.2016.2240
https://www.ncbi.nlm.nih.gov/pubmed/26978201
https://doi.org/10.1016/b978-0-12-410396-2.00019-0
https://doi.org/10.1002/cpph.19
https://www.ncbi.nlm.nih.gov/pubmed/28306150
https://doi.org/10.3390/cancers2010190
https://doi.org/10.3390/cancers2010190
https://www.ncbi.nlm.nih.gov/pubmed/24281040
https://doi.org/10.3748/wjg.v27.i26.4045
https://doi.org/10.3748/wjg.v27.i26.4045
https://www.ncbi.nlm.nih.gov/pubmed/34326612
https://doi.org/10.1177/172460089801300408
https://doi.org/10.1177/172460089801300408
https://www.ncbi.nlm.nih.gov/pubmed/10228904
https://doi.org/10.21037/cco.2020.01.06
https://www.ncbi.nlm.nih.gov/pubmed/32192349
https://doi.org/10.1016/S1470-2045(21)00007-3
https://doi.org/10.1016/S1470-2045(21)00007-3
https://www.ncbi.nlm.nih.gov/pubmed/33721561
https://doi.org/10.1038/sj.bjc.6602235
https://www.ncbi.nlm.nih.gov/pubmed/15558072
https://doi.org/10.1186/bcr1778
https://www.ncbi.nlm.nih.gov/pubmed/17931406
https://doi.org/10.1007/s40291-020-00482-7
https://www.ncbi.nlm.nih.gov/pubmed/32613290
https://doi.org/10.1002/cpt.2350
https://www.ncbi.nlm.nih.gov/pubmed/34216021
https://doi.org/10.1016/j.semcancer.2019.11.003
https://www.ncbi.nlm.nih.gov/pubmed/31722230
https://doi.org/10.1097/00003086-198011000-00013
https://doi.org/10.1097/00003086-198011000-00013
https://doi.org/10.1111/os.12851
https://www.ncbi.nlm.nih.gov/pubmed/33305494
https://doi.org/10.1016/j.annonc.2021.08.1995
https://www.ncbi.nlm.nih.gov/pubmed/34500044
https://www.nccn.org/professionals/physician_gls/pdf/bone.pdf
https://www.nccn.org/professionals/physician_gls/pdf/bone.pdf
https://doi.org/10.1016/S1470-2045(14)71116-7
https://www.ncbi.nlm.nih.gov/pubmed/25846097
https://doi.org/10.1177/10225536231174255
https://www.ncbi.nlm.nih.gov/pubmed/37147017
https://doi.org/10.3389/fpubh.2022.837506
https://www.ncbi.nlm.nih.gov/pubmed/35178367
https://doi.org/10.1038/s41598-022-11827-z
https://doi.org/10.1038/s41598-022-11827-z
https://www.ncbi.nlm.nih.gov/pubmed/35581219
https://doi.org/10.3389/fped.2023.1103565
https://www.ncbi.nlm.nih.gov/pubmed/37287626
https://journals.viamedica.pl/oncology_in_clinical_practice


Epidemiology, and End Results (SEER) Program database. Can-
cer Epidemiol. 2015; 39(4): 593–599, doi: 10.1016/j.canep.2015.05.
001, indexed in Pubmed: 26002013.

38. Picci P, Rougraff BT, Bacci G, et al. Prognostic significance of
histopathologic response to chemotherapy in nonmetastatic
Ewing’s sarcoma of the extremities. J Clin Oncol. 1993;
11(9): 1763–1769, doi: 10.1200/JCO.1993.11.9.1763, indexed in
Pubmed: 8355043.

39. Albergo JI, Gaston CL, Laitinen M, et al. Ewing’s sarcoma: only
patients with 100% of necrosis after chemotherapy should
be classified as having a good response. Bone Joint J. 2016;
98-B(8): 1138–1144, doi: 10.1302/0301-620X.98B8.37346, indexed
in Pubmed: 27482030.

40. Righi A, Pacheco M, Palmerini E, et al. Histological response to
neoadjuvant chemotherapy in localized Ewing sarcoma of the
bone: A retrospective analysis of available scoring tools. Eur J Surg
Oncol. 2021; 47(7): 1778–1783, doi: 10.1016/j.ejso.2021.02.009, in-
dexed in Pubmed: 33622576.

41. Hawkins D, Schuetze S, Butrynski J, et al. [18F]Fluorodeoxyglucose
Positron Emission Tomography Predicts Outcome for Ewing Sar-
coma Family of Tumors. J Clin Oncol. 2005; 23(34): 8828–8834,
doi: 10.1200/jco.2005.01.7079, indexed in Pubmed: 16314643.

42. Smeland S, Bielack SS, Whelan J, et al. Survival and prognosis
with osteosarcoma: outcomes in more than 2000 patients in the
EURAMOS-1 (European and American Osteosarcoma Study) co-
hort. Eur J Cancer. 2019; 109: 36–50, doi: 10.1016/j.ejca.2018.11.
027, indexed in Pubmed: 30685685.

43. Pan HY, Morani A, WangWL, et al. Prognostic factors and patterns
of relapse in ewing sarcoma patients treated with chemother-
apy and r0 resection. Int J Radiat Oncol Biol Phys. 2015; 92(2):
349–357, doi: 10.1016/j.ijrobp.2015.01.022, indexed in Pubmed:
25772182.

44. Gelderblom H, Jinks RC, Sydes M, et al. European Osteosarcoma
Intergroup. Survival after recurrent osteosarcoma: data from 3
European Osteosarcoma Intergroup (EOI) randomized controlled
trials. Eur J Cancer. 2011; 47(6): 895–902, doi: 10.1016/j.ejca.2010.
11.036, indexed in Pubmed: 21216138.

45. Fu Y, Lan T, Cai H, et al. Meta-analysis of serum lactate de-
hydrogenase and prognosis for osteosarcoma. Medicine (Balti-
more). 2018; 97(19): e0741, doi: 10.1097/MD.0000000000010741,
indexed in Pubmed: 29742740.

46. Gu R, Sun Y. Does serum alkaline phosphatase level really indicate
the prognosis in patients with osteosarcoma? A meta-analysis.
J Cancer Res Ther. 2018; 14(Supplement): S468–S472, doi: 10.
4103/0973-1482.177217, indexed in Pubmed: 29970708.

47. Hao H, Chen L, Huang D, et al. Meta-analysis of alkaline phos-
phatase and prognosis for osteosarcoma. Eur J Cancer Care
(Engl). 2017; 26(5), doi: 10.1111/ecc.12536, indexed in Pubmed:
27349943.

48. Li S, Yang Q, Wang H, et al. Prognostic significance of serum lac-
tate dehydrogenase levels in Ewing’s sarcoma: A meta-analysis.
Mol Clin Oncol. 2016; 5(6): 832–838, doi: 10.3892/mco.2016.1066,
indexed in Pubmed: 28105365.

49. Nakamura T, Grimer RJ, Gaston CL, et al. The prognostic value
of the serum level of C-reactive protein for the survival of pa-
tients with a primary sarcoma of bone. Bone Joint J. 2013;
95-B(3): 411–418, doi: 10.1302/0301-620X.95B3.30344, indexed in
Pubmed: 23450030.

50. Aggerholm-Pedersen N, Maretty-Kongstad K, Keller J, et al. The
Prognostic Value of Serum Biomarkers in Localized Bone Sar-
coma. Transl Oncol. 2016; 9(4): 322–328, doi: 10.1016/j.tranon.
2016.05.006, indexed in Pubmed: 27567955.

51. Jiang M, Ma S, Hua Z, et al. Prognostic Value of Pretreated Blood
Inflammatory Markers in Patients with Bone Sarcoma: A Meta-
-Analysis. Dis Markers. 2021; 2021: 8839512, doi: 10.1155/2021/
8839512, indexed in Pubmed: 33897913.

52. Yang Q, Chen T, Yao Z, et al. Prognostic value of pre-treatment
Naples prognostic score (NPS) in patients with osteosarcoma.
World J Surg Oncol. 2020; 18(1): 24, doi: 10.1186/s12957-020-
1789-z, indexed in Pubmed: 32000789.

53. Jettoo P, Tan G, Gerrand CH, et al. Role of routine blood tests for
predicting clinical outcomes in osteosarcoma patients. J Orthop
Surg (Hong Kong). 2019; 27(2): 2309499019838293, doi: 10.1177/
2309499019838293, indexed in Pubmed: 30909848.

54. Ouyang H, Wang Z. Predictive value of the systemic immune-
-inflammation index for cancer-specific survival of osteosarcoma
in children. Front Public Health. 2022; 10: 879523, doi: 10.3389/
fpubh.2022.879523, indexed in Pubmed: 35968442.

55. De Angulo G, Hernandez M, Morales-Arias J, et al. Early lym-
phocyte recovery as a prognostic indicator for high-risk Ewing
sarcoma. J Pediatr Hematol Oncol. 2007; 29(1): 48–52, doi: 10.
1097/MPH.0b013e31802d3e3e, indexed in Pubmed: 17230066.

56. Laterza O, Hendrickson R, Wagner J. Molecular Biomarkers.
Drug Information Journal. 2007; 41(5): 573–585, doi: 10.1177/
009286150704100504.

57. Lou S, Balluff B, Cleven AHG, et al. Prognostic Metabolite Biomark-
ers for Soft Tissue Sarcomas Discovered by Mass Spectrometry
Imaging. J Am Soc Mass Spectrom. 2017; 28(2): 376–383, doi: 10.
1007/s13361-016-1544-4, indexed in Pubmed: 27873216.

58. Lou S, Balluff B, de Graaff MA, et al. High-grade sarcoma diagnosis
and prognosis: Biomarker discovery by mass spectrometry imag-
ing. Proteomics. 2016; 16(11-12): 1802–1813, doi: 10.1002/pmic.
201500514, indexed in Pubmed: 27174013.

59. PaulussenM, Bielack S, Jürgens H, et al. ESMOGuidelinesWorking
Group. Ewing’s sarcoma of the bone: ESMO clinical recommen-
dations for diagnosis, treatment and follow-up. Ann Oncol. 2009;
20 Suppl 4: 140–142, doi: 10.1093/annonc/mdp155, indexed in
Pubmed: 19454436.

60. Mahmoud AM, Zekri W, Khorshed EN, et al. Prognostic signifi-
cance of survivin expression in pediatric ewing sarcoma. Pediatr
Hematol Oncol. 2022; 39(1): 16–27, doi: 10.1080/08880018.2021.
1931588, indexed in Pubmed: 34076538.

61. Shulman DS, Chen S, Hall D, et al. Adverse prognostic impact of
the loss of STAG2 protein expression in patients with newly di-
agnosed localised Ewing sarcoma: A report from the Children’s
Oncology Group. Br J Cancer. 2022; 127(12): 2220–2226, doi: 10.
1038/s41416-022-01977-2, indexed in Pubmed: 36221002.

62. Abrahao-Machado LF, Pinto F, Antunes B, et al. Clinical impact of
brachyury expression in Ewing sarcoma patients. Adv Med Sci.
2021; 66(2): 321–325, doi: 10.1016/j.advms.2021.06.002, indexed
in Pubmed: 34273746.

63. Ge W, Li J, Fan W, et al. Tim-3 as a diagnostic and prog-
nostic biomarker of osteosarcoma. Tumour Biol. 2017; 39(7):
1010428317715643, doi: 10.1177/1010428317715643, indexed in
Pubmed: 28671022.

64. Jiang K, Li S, Li Lu, et al. WNT6 is an effective marker for os-
teosarcoma diagnosis and prognosis. Medicine (Baltimore). 2018;
97(46): e13011, doi: 10.1097/MD.0000000000013011, indexed in
Pubmed: 30431574.

65. Yu XW, Wu TY, Yi X, et al. Prognostic significance of VEGF expres-
sion in osteosarcoma: a meta-analysis. Tumour Biol. 2014; 35(1):
155–160, doi: 10.1007/s13277-013-1019-1, indexed in Pubmed:
23907576.

66. Carmeliet P. VEGF as a key mediator of angiogenesis in cancer.
Oncology. 2005; 69 Suppl 3: 4–10, doi: 10.1159/000088478, in-
dexed in Pubmed: 16301830.

67. Jiang J, Liu C, Xu G, et al. CCT6A, a novel prognostic biomarker for
Ewing sarcoma. Medicine (Baltimore). 2021; 100(4): e24484, doi:
10.1097/MD.0000000000024484, indexed in Pubmed: 33530265.

68. de Groot S, Gelderblom H, Fiocco M, et al. Serum levels of IGF-1
and IGF-BP3 are associated with event-free survival in adult Ew-
ing sarcoma patients treated with chemotherapy. Onco Targets
Ther. 2017; 10: 2963–2970, doi: 10.2147/OTT.S123726, indexed in
Pubmed: 28652778.

69. Gounder MM, Agaram NP, Trabucco SE, et al. Clinical genomic
profiling in the management of patients with soft tissue and
bone sarcoma. Nat Commun. 2022; 13(1): 3406, doi: 10.1038/
s41467-022-30496-0, indexed in Pubmed: 35705558.

70. Schaefer IM, Cote GM, Hornick JL. Contemporary Sarcoma Diag-
nosis, Genetics, and Genomics. J Clin Oncol. 2018; 36(2): 101–110,

10 https://journals.viamedica.pl/oncology_in_clinical_practice

https://doi.org/10.1016/j.canep.2015.05.001
https://doi.org/10.1016/j.canep.2015.05.001
https://www.ncbi.nlm.nih.gov/pubmed/26002013
https://doi.org/10.1200/JCO.1993.11.9.1763
https://www.ncbi.nlm.nih.gov/pubmed/8355043
https://doi.org/10.1302/0301-620X.98B8.37346
https://www.ncbi.nlm.nih.gov/pubmed/27482030
https://doi.org/10.1016/j.ejso.2021.02.009
https://www.ncbi.nlm.nih.gov/pubmed/33622576
https://doi.org/10.1200/jco.2005.01.7079
https://www.ncbi.nlm.nih.gov/pubmed/16314643
https://doi.org/10.1016/j.ejca.2018.11.027
https://doi.org/10.1016/j.ejca.2018.11.027
https://www.ncbi.nlm.nih.gov/pubmed/30685685
https://doi.org/10.1016/j.ijrobp.2015.01.022
https://www.ncbi.nlm.nih.gov/pubmed/25772182
https://doi.org/10.1016/j.ejca.2010.11.036
https://doi.org/10.1016/j.ejca.2010.11.036
https://www.ncbi.nlm.nih.gov/pubmed/21216138
https://doi.org/10.1097/MD.0000000000010741
https://www.ncbi.nlm.nih.gov/pubmed/29742740
https://doi.org/10.4103/0973-1482.177217
https://doi.org/10.4103/0973-1482.177217
https://www.ncbi.nlm.nih.gov/pubmed/29970708
https://doi.org/10.1111/ecc.12536
https://www.ncbi.nlm.nih.gov/pubmed/27349943
https://doi.org/10.3892/mco.2016.1066
https://www.ncbi.nlm.nih.gov/pubmed/28105365
https://doi.org/10.1302/0301-620X.95B3.30344
https://www.ncbi.nlm.nih.gov/pubmed/23450030
https://doi.org/10.1016/j.tranon.2016.05.006
https://doi.org/10.1016/j.tranon.2016.05.006
https://www.ncbi.nlm.nih.gov/pubmed/27567955
https://doi.org/10.1155/2021/8839512
https://doi.org/10.1155/2021/8839512
https://www.ncbi.nlm.nih.gov/pubmed/33897913
https://doi.org/10.1186/s12957-020-1789-z
https://doi.org/10.1186/s12957-020-1789-z
https://www.ncbi.nlm.nih.gov/pubmed/32000789
https://doi.org/10.1177/2309499019838293
https://doi.org/10.1177/2309499019838293
https://www.ncbi.nlm.nih.gov/pubmed/30909848
https://doi.org/10.3389/fpubh.2022.879523
https://doi.org/10.3389/fpubh.2022.879523
https://www.ncbi.nlm.nih.gov/pubmed/35968442
https://doi.org/10.1097/MPH.0b013e31802d3e3e
https://doi.org/10.1097/MPH.0b013e31802d3e3e
https://www.ncbi.nlm.nih.gov/pubmed/17230066
https://doi.org/10.1177/009286150704100504
https://doi.org/10.1177/009286150704100504
https://doi.org/10.1007/s13361-016-1544-4
https://doi.org/10.1007/s13361-016-1544-4
https://www.ncbi.nlm.nih.gov/pubmed/27873216
https://doi.org/10.1002/pmic.201500514
https://doi.org/10.1002/pmic.201500514
https://www.ncbi.nlm.nih.gov/pubmed/27174013
https://doi.org/10.1093/annonc/mdp155
https://www.ncbi.nlm.nih.gov/pubmed/19454436
https://doi.org/10.1080/08880018.2021.1931588
https://doi.org/10.1080/08880018.2021.1931588
https://www.ncbi.nlm.nih.gov/pubmed/34076538
https://doi.org/10.1038/s41416-022-01977-2
https://doi.org/10.1038/s41416-022-01977-2
https://www.ncbi.nlm.nih.gov/pubmed/36221002
https://doi.org/10.1016/j.advms.2021.06.002
https://www.ncbi.nlm.nih.gov/pubmed/34273746
https://doi.org/10.1177/1010428317715643
https://www.ncbi.nlm.nih.gov/pubmed/28671022
https://doi.org/10.1097/MD.0000000000013011
https://www.ncbi.nlm.nih.gov/pubmed/30431574
https://doi.org/10.1007/s13277-013-1019-1
https://www.ncbi.nlm.nih.gov/pubmed/23907576
https://doi.org/10.1159/000088478
https://www.ncbi.nlm.nih.gov/pubmed/16301830
https://doi.org/10.1097/MD.0000000000024484
https://www.ncbi.nlm.nih.gov/pubmed/33530265
https://doi.org/10.2147/OTT.S123726
https://www.ncbi.nlm.nih.gov/pubmed/28652778
https://doi.org/10.1038/s41467-022-30496-0
https://doi.org/10.1038/s41467-022-30496-0
https://www.ncbi.nlm.nih.gov/pubmed/35705558
https://journals.viamedica.pl/oncology_in_clinical_practice


Anna M. Czarnecka et al., Novel biomarkers in bone sarcomas — diagnosis, treatment selection, and clinical trials

doi: 10.1200/JCO.2017.74.9374, indexed in Pubmed: 29220288.
71. Bennani-Baiti IM, Cooper A, Lawlor ER, et al. Intercohort gene

expression co-analysis reveals chemokine receptors as prognos-
tic indicators in Ewing’s sarcoma. Clin Cancer Res. 2010; 16(14):
3769–3778, doi: 10.1158/1078-0432.CCR-10-0558, indexed in
Pubmed: 20525755.

72. Ohali A, Avigad S, Zaizov R, et al. Prediction of high risk Ewing’s
sarcoma by gene expression profiling. Oncogene. 2004; 23(55):
8997–9006, doi: 10.1038/sj.onc.1208060, indexed in Pubmed:
15467746.

73. Liu KX, Lamba N, Hwang WL, et al. Risk stratification by
somatic mutation burden in Ewing sarcoma. Cancer. 2019;
125(8): 1357–1364, doi: 10.1002/cncr.31919, indexed in Pubmed:
30602061.

74. Jain S, Xu R, Prieto VG, et al. Molecular classification of soft tissue
sarcomas and its clinical applications. Int J Clin Exp Pathol. 2010;
3(4): 416–428, indexed in Pubmed: 20490332.

75. de Alava E, Gerald WL. Molecular biology of the Ewing’s sar-
coma/primitive neuroectodermal tumor family. J Clin Oncol.
2000; 18(1): 204–213, doi: 10.1200/JCO.2000.18.1.204, indexed in
Pubmed: 10623711.

76. Zoubek A, Dockhorn-Dworniczak B, Delattre O, et al. Does ex-
pression of different EWS chimeric transcripts define clinically
distinct risk groups of Ewing tumor patients? J Clin Oncol. 1996;
14(4): 1245–1251, doi: 10.1200/JCO.1996.14.4.1245, indexed in
Pubmed: 8648380.

77. de Alava E, Kawai A, Healey JH, et al. EWS-FLI1 fusion transcript
structure is an independent determinant of prognosis in Ewing’s
sarcoma. J Clin Oncol. 1998; 16(4): 1248–1255, doi: 10.1200/JCO.
1998.16.4.1248, indexed in Pubmed: 9552022.

78. Tsuda Y, Zhang L, Meyers P, et al. The clinical heterogeneity of
round cell sarcomas with EWSR1/FUS gene fusions: Impact of
gene fusion type on clinical features and outcome. Genes Chro-
mosomes Cancer. 2020; 59(9): 525–534, doi: 10.1002/gcc.22857,
indexed in Pubmed: 32362012.

79. Chen Z, Guo J, Zhang K, et al. TP53 Mutations and Survival in
Osteosarcoma Patients: A Meta-Analysis of Published Data. Dis
Markers. 2016; 2016: 4639575, doi: 10.1155/2016/4639575, in-
dexed in Pubmed: 27239089.

80. Ren W, Gu G. Prognostic implications of RB1 tumour suppressor
gene alterations in the clinical outcome of human osteosarcoma:
ameta-analysis. Eur J Cancer Care (Engl). 2017; 26(1), doi: 10.1111/
ecc.12401, indexed in Pubmed: 26503016.

81. Lugowska I, Teterycz P, Mikula M, et al. IDH1/2 Mutations
Predict Shorter Survival in Chondrosarcoma. J Cancer. 2018;
9(6): 998–1005, doi: 10.7150/jca.22915, indexed in Pubmed:
29581779.

82. Nicolle R, Ayadi M, Gomez-Brouchet A, et al. Integratedmolecular
characterization of chondrosarcoma reveals critical determinants
of disease progression. Nat Commun. 2019; 10(1): 4622, doi: 10.
1038/s41467-019-12525-7, indexed in Pubmed: 31604924.

83. Gao P, Seebacher NA, Hornicek F, et al. Advances in sarcoma
gene mutations and therapeutic targets. Cancer Treat Rev. 2018;
62: 98–109, doi: 10.1016/j.ctrv.2017.11.001, indexed in Pubmed:
29190505.

84. Tran D, Verma K, Ward K, et al. Functional genomics analysis re-
veals a MYC signature associated with a poor clinical prognosis in
liposarcomas. Am J Pathol. 2015; 185(3): 717–728, doi: 10.1016/j.
ajpath.2014.11.024, indexed in Pubmed: 25622542.

85. Barrios C, Castresana JS, Kreicbergs A. Clinicopathologic correla-
tions and short-term prognosis in musculoskeletal sarcoma with
c-myc oncogene amplification. Am J Clin Oncol. 1994; 17(3):
273–276, doi: 10.1097/00000421-199406000-00019, indexed in
Pubmed: 8192117.

86. Marinoff AE, Spurr LF, Fong C, et al. Clinical Targeted Next-
-Generation Panel Sequencing Reveals Amplification Is a Poor
Prognostic Factor in Osteosarcoma. JCO Precis Oncol. 2023;
7: e2200334, doi: 10.1200/PO.22.00334, indexed in Pubmed:
36996377.

87. Hogeboom-Gimeno AG, van Ravensteijn SG, Desar IME, et al.

MYC amplification in angiosarcoma depends on etiological/clin-
ical subgroups - Diagnostic and prognostic value. Ann Di-
agn Pathol. 2023; 63: 152096, doi: 10.1016/j.anndiagpath.2022.
152096, indexed in Pubmed: 36610315.

88. Morrison C, Radmacher M, Mohammed N, et al. MYC amplifi-
cation and polysomy 8 in chondrosarcoma: array comparative
genomic hybridization, fluorescent in situ hybridization, and as-
sociation with outcome. J Clin Oncol. 2005; 23(36): 9369–9376,
doi: 10.1200/JCO.2005.03.7127, indexed in Pubmed: 16361637.

89. Cheng Ji, Gao J, Tao K. Prognostic role of Gli1 expression in solid
malignancies: a meta-analysis. Sci Rep. 2016; 6: 22184, doi: 10.
1038/srep22184, indexed in Pubmed: 26899488.

90. Yoon JW, Lamm M, Chandler C, et al. Up-regulation of GLI1
in vincristine-resistant rhabdomyosarcoma and Ewing sarcoma.
BMC Cancer. 2020; 20(1): 511, doi: 10.1186/s12885-020-06985-0,
indexed in Pubmed: 32493277.

91. Cheng D, Qiu X, Zhuang M, et al. MicroRNAs with prognostic sig-
nificance in osteosarcoma: a systemic review and meta-analysis.
Oncotarget. 2017; 8(46): 81062–81074, doi: 10.18632/oncotarget.
19009, indexed in Pubmed: 29113367.

92. Kim YH, Goh TS, Lee CS, et al. Prognostic value ofmicroRNAs in os-
teosarcoma: A meta-analysis. Oncotarget. 2017; 8(5): 8726–8737,
doi: 10.18632/oncotarget.14429, indexed in Pubmed: 28060730.

93. Nakatani F, Ferracin M, Manara MC, et al. miR-34a predicts survival
of Ewing’s sarcoma patients and directly influences cell chemo-
-sensitivity and malignancy. J Pathol. 2012; 226(5): 796–805, doi:
10.1002/path.3007, indexed in Pubmed: 21960059.

94. Marino MT, Grilli A, Baricordi C, et al. Prognostic significance of
miR-34a in Ewing sarcoma is associated with cyclin D1 and ki-
-67 expression. AnnOncol. 2014; 25(10): 2080–2086, doi: 10.1093/
annonc/mdu249, indexed in Pubmed: 25015333.

95. Luo H, Wang P, Ye H, et al. Serum-Derived microRNAs as
Prognostic Biomarkers in Osteosarcoma: A Meta-Analysis. Front
Genet. 2020; 11: 789, doi: 10.3389/fgene.2020.00789, indexed in
Pubmed: 32849795.

96. Xia WK, Lin QF, Shen D, et al. Clinical implication of long noncod-
ing RNA 91H expression profile in osteosarcoma patients. Onco
Targets Ther. 2016; 9: 4645–4652, doi: 10.2147/OTT.S103376, in-
dexed in Pubmed: 27555785.

97. Ma B, Li M, Zhang L, et al. Upregulation of long non-coding RNA
TUG1 correlates with poor prognosis and disease status in os-
teosarcoma. Tumour Biol. 2016; 37(4): 4445–4455, doi: 10.1007/
s13277-015-4301-6, indexed in Pubmed: 26499949.

98. Wen JJ, Ma YD, Yang GS, et al. Analysis of circulating long non-
-coding RNA UCA1 as potential biomarkers for diagnosis and
prognosis of osteosarcoma. Eur Rev Med Pharmacol Sci. 2017;
21(3): 498–503, indexed in Pubmed: 28239821.

99. Huo Y, Li Q, Wang X, et al. MALAT1 predicts poor survival in
osteosarcoma patients and promotes cell metastasis through as-
sociating with EZH2. Oncotarget. 2017; 8(29): 46993–47006, doi:
10.18632/oncotarget.16551, indexed in Pubmed: 28388584.

100. Han F,Wang C,Wang Yi, et al. Long noncoding RNAATB promotes
osteosarcoma cell proliferation, migration and invasion by sup-
pressingmiR-200s. Am J Cancer Res. 2017; 7(4): 770–783, indexed
in Pubmed: 28469952.

101. Pinzani P, D’Argenio V, Del Re M, et al. Updates on liquid biopsy:
current trends and future perspectives for clinical application in
solid tumors. Clin Chem LabMed. 2021; 59(7): 1181–1200, doi: 10.
1515/cclm-2020-1685, indexed in Pubmed: 33544478.

102. Krumbholz M, Eiblwieser J, Ranft A, et al. Quantification of
Translocation-Specific ctDNA Provides an Integrating Param-
eter for Early Assessment of Treatment Response and Risk
Stratification in Ewing Sarcoma. Clin Cancer Res. 2021; 27(21):
5922–5930, doi: 10.1158/1078-0432.CCR-21-1324, indexed in
Pubmed: 34426444.

103. Shulman DS, Klega K, Imamovic-Tuco A, et al. Detection of cir-
culating 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(5): 615–621, doi: 10.1038/
s41416-018-0212-9, indexed in Pubmed: 30131550.

https://journals.viamedica.pl/oncology_in_clinical_practice 11

https://doi.org/10.1200/JCO.2017.74.9374
https://www.ncbi.nlm.nih.gov/pubmed/29220288
https://doi.org/10.1158/1078-0432.CCR-10-0558
https://www.ncbi.nlm.nih.gov/pubmed/20525755
https://doi.org/10.1038/sj.onc.1208060
https://www.ncbi.nlm.nih.gov/pubmed/15467746
https://doi.org/10.1002/cncr.31919
https://www.ncbi.nlm.nih.gov/pubmed/30602061
https://www.ncbi.nlm.nih.gov/pubmed/20490332
https://doi.org/10.1200/JCO.2000.18.1.204
https://www.ncbi.nlm.nih.gov/pubmed/10623711
https://doi.org/10.1200/JCO.1996.14.4.1245
https://www.ncbi.nlm.nih.gov/pubmed/8648380
https://doi.org/10.1200/JCO.1998.16.4.1248
https://doi.org/10.1200/JCO.1998.16.4.1248
https://www.ncbi.nlm.nih.gov/pubmed/9552022
https://doi.org/10.1002/gcc.22857
https://www.ncbi.nlm.nih.gov/pubmed/32362012
https://doi.org/10.1155/2016/4639575
https://www.ncbi.nlm.nih.gov/pubmed/27239089
https://doi.org/10.1111/ecc.12401
https://doi.org/10.1111/ecc.12401
https://www.ncbi.nlm.nih.gov/pubmed/26503016
https://doi.org/10.7150/jca.22915
https://www.ncbi.nlm.nih.gov/pubmed/29581779
https://doi.org/10.1038/s41467-019-12525-7
https://doi.org/10.1038/s41467-019-12525-7
https://www.ncbi.nlm.nih.gov/pubmed/31604924
https://doi.org/10.1016/j.ctrv.2017.11.001
https://www.ncbi.nlm.nih.gov/pubmed/29190505
https://doi.org/10.1016/j.ajpath.2014.11.024
https://doi.org/10.1016/j.ajpath.2014.11.024
https://www.ncbi.nlm.nih.gov/pubmed/25622542
https://doi.org/10.1097/00000421-199406000-00019
https://www.ncbi.nlm.nih.gov/pubmed/8192117
https://doi.org/10.1200/PO.22.00334
https://www.ncbi.nlm.nih.gov/pubmed/36996377
https://doi.org/10.1016/j.anndiagpath.2022.152096
https://doi.org/10.1016/j.anndiagpath.2022.152096
https://www.ncbi.nlm.nih.gov/pubmed/36610315
https://doi.org/10.1200/JCO.2005.03.7127
https://www.ncbi.nlm.nih.gov/pubmed/16361637
https://doi.org/10.1038/srep22184
https://doi.org/10.1038/srep22184
https://www.ncbi.nlm.nih.gov/pubmed/26899488
https://doi.org/10.1186/s12885-020-06985-0
https://www.ncbi.nlm.nih.gov/pubmed/32493277
https://doi.org/10.18632/oncotarget.19009
https://doi.org/10.18632/oncotarget.19009
https://www.ncbi.nlm.nih.gov/pubmed/29113367
https://doi.org/10.18632/oncotarget.14429
https://www.ncbi.nlm.nih.gov/pubmed/28060730
https://doi.org/10.1002/path.3007
https://www.ncbi.nlm.nih.gov/pubmed/21960059
https://doi.org/10.1093/annonc/mdu249
https://doi.org/10.1093/annonc/mdu249
https://www.ncbi.nlm.nih.gov/pubmed/25015333
https://doi.org/10.3389/fgene.2020.00789
https://www.ncbi.nlm.nih.gov/pubmed/32849795
https://doi.org/10.2147/OTT.S103376
https://www.ncbi.nlm.nih.gov/pubmed/27555785
https://doi.org/10.1007/s13277-015-4301-6
https://doi.org/10.1007/s13277-015-4301-6
https://www.ncbi.nlm.nih.gov/pubmed/26499949
https://www.ncbi.nlm.nih.gov/pubmed/28239821
https://doi.org/10.18632/oncotarget.16551
https://www.ncbi.nlm.nih.gov/pubmed/28388584
https://www.ncbi.nlm.nih.gov/pubmed/28469952
https://doi.org/10.1515/cclm-2020-1685
https://doi.org/10.1515/cclm-2020-1685
https://www.ncbi.nlm.nih.gov/pubmed/33544478
https://doi.org/10.1158/1078-0432.CCR-21-1324
https://www.ncbi.nlm.nih.gov/pubmed/34426444
https://doi.org/10.1038/s41416-018-0212-9
https://doi.org/10.1038/s41416-018-0212-9
https://www.ncbi.nlm.nih.gov/pubmed/30131550
https://journals.viamedica.pl/oncology_in_clinical_practice


104. Li M, Lu Y, Long Z, et al. Prognostic and clinicopathological
significance of circulating tumor cells in osteosarcoma. J Bone
Oncol. 2019; 16: 100236, doi: 10.1016/j.jbo.2019.100236, indexed
in Pubmed: 31024791.

105. Peneder P, Stütz AM, Surdez D, et al. Multimodal analysis of cell-
-free DNA whole-genome sequencing for pediatric cancers with
low mutational burden. Nat Commun. 2021; 12(1): 3230, doi: 10.
1038/s41467-021-23445-w, indexed in Pubmed: 34050156.

106. Lyskjær I, Kara N, De Noon S, et al. Osteosarcoma: Novel prognos-
tic biomarkers using circulating and cell-free tumour DNA. Eur
J Cancer. 2022; 168: 1–11, doi: 10.1016/j.ejca.2022.03.002, indexed
in Pubmed: 35421838.

107. Sha D, Jin Z, Budczies J, et al. Tumor Mutational Burden as
a Predictive Biomarker in Solid Tumors. Cancer Discov. 2020;
10(12): 1808–1825, doi: 10.1158/2159-8290.CD-20-0522, indexed
in Pubmed: 33139244.

108. Marabelle A, Le DT, Ascierto PA, et al. Efficacy of Pembrolizumab
in Patients With Noncolorectal High Microsatellite Instabil-
ity/Mismatch Repair-Deficient Cancer: Results From the Phase II
KEYNOTE-158 Study. J Clin Oncol. 2020; 38(1): 1–10, doi: 10.1200/
JCO.19.02105, indexed in Pubmed: 31682550.

109. Marabelle A, Fakih M, Lopez J, et al. Association of tumour mu-
tational burden with outcomes in patients with advanced solid
tumours treated with pembrolizumab: prospective biomarker
analysis of the multicohort, open-label, phase 2 KEYNOTE-158
study. Lancet Oncol. 2020; 21(10): 1353–1365, doi: 10.1016/
S1470-2045(20)30445-9, indexed in Pubmed: 32919526.

110. FDA approves pembrolizumab for adults and children
with TMB-H solid tumors. https://www.fda.gov/drugs/drug-
approvals-and-databases/fda-approves-pembrolizumab-adults-
and-children-tmb-h-solid-tumors.

111. Chalmers ZR, Connelly CF, Fabrizio D, et al. Analysis of 100,000 hu-
man cancer genomes reveals the landscape of tumor mutational
burden. Genome Med. 2017; 9(1): 34, doi: 10.1186/s13073-017-
0424-2, indexed in Pubmed: 28420421.

112. Lam SW, Kostine M, de Miranda NF, et al. Mismatch repair de-
ficiency is rare in bone and soft tissue tumors. Histopathology.
2021; 79(4): 509–520, doi: 10.1111/his.14377, indexed in Pubmed:
33825202.

113. Georgiadis A, Durham JN, Keefer LA, et al. Mismatch repair de-
ficiency predicts response of solid tumors to PD-1 blockade.
Science. 2017; 357(6349): 409–413, doi: 10.1126/science.aan6733,
indexed in Pubmed: 28596308.

114. Carmagnani Pestana R, Moyers JT, Roszik J, et al. Impact of
Biomarker-Matched Therapies on Outcomes in Patients with Sar-
coma Enrolled in Early-Phase Clinical Trials (SAMBA 101). Clin
Cancer Res. 2023; 29(9): 1708–1718, doi: 10.1158/1078-0432.CCR-
22-3629, indexed in Pubmed: 37058010.

115. Tap WD, Villalobos VM, Cote GM, et al. Phase I Study of the
Mutant IDH1 Inhibitor Ivosidenib: Safety and Clinical Activ-
ity in Patients With Advanced Chondrosarcoma. J Clin Oncol.
2020; 38(15): 1693–1701, doi: 10.1200/JCO.19.02492, indexed in
Pubmed: 32208957.

116. Italiano A, Mir O, Mathoulin-Pelissier S, et al. Cabozantinib in pa-
tients with advanced Ewing sarcoma or osteosarcoma (CABONE):
a multicentre, single-arm, phase 2 trial. Lancet Oncol. 2020;
21(3): 446–455, doi: 10.1016/S1470-2045(19)30825-3, indexed in
Pubmed: 32078813.

117. Anderson P, Ghisoli M, Crompton BD, et al. Pilot Study of
Recurrent Ewing’s Sarcoma Management with Vigil/Temozolo-
mide/Irinotecan and Assessment of Circulating Tumor (ct) DNA.
Clin Cancer Res. 2023; 29(9): 1689–1697, doi: 10.1158/1078-0432.
CCR-22-2292, indexed in Pubmed: 36780200.

118. ClinicalTrials.gov [Internet]. Bethesda (MD): National Library
of Medicine (US). 2000 Feb 29 - Identifier NCT04132895,
ICONIC: Improving Outcomes Through Collaboration in Os-
teosarComa (ICONIC) 2023-06-09. https://clinicaltrials.gov/study/
NCT04132895.

119. ClinicalTrials.gov [Internet]. Bethesda (MD): National Library of
Medicine (US). 2000 Feb 29 - Identifier NCT05942456, Soluble
B7-H3 as a Biomarker for Osteosarcoma 2023-07-12. https://clini-
caltrials.gov/study/NCT05942456.

120. ClinicalTrials.gov [Internet]. Bethesda (MD): National Library of
Medicine (US). 2000 Feb 29 - Identifier NCT06068075, Liquid
Biopsy in Ewing Sarcoma and Osteosarcoma as a Prognostic And
Response Diagnostic: LEOPARD 2023-10-06. https://clinicaltrials.
gov/study/NCT06068075.

12 https://journals.viamedica.pl/oncology_in_clinical_practice

https://doi.org/10.1016/j.jbo.2019.100236
https://www.ncbi.nlm.nih.gov/pubmed/31024791
https://doi.org/10.1038/s41467-021-23445-w
https://doi.org/10.1038/s41467-021-23445-w
https://www.ncbi.nlm.nih.gov/pubmed/34050156
https://doi.org/10.1016/j.ejca.2022.03.002
https://www.ncbi.nlm.nih.gov/pubmed/35421838
https://doi.org/10.1158/2159-8290.CD-20-0522
https://www.ncbi.nlm.nih.gov/pubmed/33139244
https://doi.org/10.1200/JCO.19.02105
https://doi.org/10.1200/JCO.19.02105
https://www.ncbi.nlm.nih.gov/pubmed/31682550
https://doi.org/10.1016/S1470-2045(20)30445-9
https://doi.org/10.1016/S1470-2045(20)30445-9
https://www.ncbi.nlm.nih.gov/pubmed/32919526
https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-pembrolizumab-adults-and-children-tmb-h-solid-tumors
https://doi.org/10.1186/s13073-017-0424-2
https://doi.org/10.1186/s13073-017-0424-2
https://www.ncbi.nlm.nih.gov/pubmed/28420421
https://doi.org/10.1111/his.14377
https://www.ncbi.nlm.nih.gov/pubmed/33825202
https://doi.org/10.1126/science.aan6733
https://www.ncbi.nlm.nih.gov/pubmed/28596308
https://doi.org/10.1158/1078-0432.CCR-22-3629
https://doi.org/10.1158/1078-0432.CCR-22-3629
https://www.ncbi.nlm.nih.gov/pubmed/37058010
https://doi.org/10.1200/JCO.19.02492
https://www.ncbi.nlm.nih.gov/pubmed/32208957
https://doi.org/10.1016/S1470-2045(19)30825-3
https://www.ncbi.nlm.nih.gov/pubmed/32078813
https://doi.org/10.1158/1078-0432.CCR-22-2292
https://doi.org/10.1158/1078-0432.CCR-22-2292
https://www.ncbi.nlm.nih.gov/pubmed/36780200
https://clinicaltrials.gov/study/NCT04132895
https://clinicaltrials.gov/study/NCT04132895
https://clinicaltrials.gov/study/NCT05942456
https://clinicaltrials.gov/study/NCT06068075
https://clinicaltrials.gov/study/NCT06068075
https://journals.viamedica.pl/oncology_in_clinical_practice

	Authors' addresses
	Introduction
	Clinical biomarkers
	Molecular biomarkers
	Genetic biomarkers
	Biomarkers in clinical trials
	Conclusions
	References

