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Simple Summary: Body fluids contain different classes of RNA molecules such as protein-coding
messenger RNAs (mRNA) and noncoding RNAs, including microRNAs (miRNAs), long noncoding
RNAs (lncRNAs) and circular RNAs (circRNAs). These circulating RNAs can travel naked or packed
into extracellular vesicles and display valuable potential as non-invasive biomarkers of sarcoma
malignancy. In this review, we summarize current knowledge on the possible functions of these
circulating RNAs and discuss their possible exploitation as novel markers to improve sarcoma
diagnosis and prognosis. Despite the recent advance in technological tools have improved protocols
for the extraction and detection of circulating RNA, many aspects related to the biology of these
molecules remain to be elucidated. In particular, the lack of standardization in the assessment of
these markers makes difficult their adoption into clinical practice.

Abstract: Sarcomas comprise a heterogeneous group of rare mesenchymal malignancies. Sarcomas
can be grouped into two categories characterized by different prognosis and treatment approaches:
soft tissue sarcoma and primary bone sarcoma. In the last years, research on novel diagnostic,
prognostic or predictive biomarkers in sarcoma management has been focused on circulating tumor-
derived molecules as valuable tools. Liquid biopsies that measure various tumor components,
including circulating cell-free DNA and RNA, circulating tumor cells, tumor extracellular vesicles and
exosomes, are gaining attention as methods for molecular screening and early diagnosis. Compared
with traditional tissue biopsies, liquid biopsies are minimally invasive and blood samples can be
collected serially over time to monitor cancer progression. This review will focus on circulating
noncoding RNA molecules from liquid biopsies that are dysregulated in sarcoma malignancies and
discuss advantages and current limitations of their employment as biomarkers in the management
of sarcomas. It will also explore their utility in the evaluation of the clinical response to treatments
and of disease relapse. Moreover, it will explore state-of-the-art techniques that allow for the early
detection of these circulating biomarkers. Despite the huge potential, current reports highlight poor
sensitivity, specificity, and survival benefit of these methods, that are therefore still insufficient for
routine screening purposes.

Keywords: noncoding RNAs; sarcoma; circulating RNAs

1. Introduction

Sarcomas are a large heterogenous group of malignancies which develop from cells of
mesenchymal origin. They are classified into two main groups, depending on the tissue
where arising [1]. Bone sarcomas originate from bone and mainly include osteosarcoma
(OS), Ewing sarcoma (ES) and chondrosarcoma. Soft tissue sarcomas consist of a wide
range of histological subtypes, which develop from connective tissue such as fat, muscle,
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tendons and blood vessels [1]. They include leiomyosarcoma (LMS), liposarcoma (LS), rhab-
domyosarcoma (RMS), synovial sarcoma (SS), malignant peripheral nerve sheath tumor
(MPNST), and undifferentiated pleomorphic sarcoma (UPS) [1,2]. To date, surgical resec-
tion, radiotherapy and chemotherapy are the common treatments for sarcomas [2]. In recent
years, multiagent chemotherapy strategies such as the combination of doxorubicin and
cisplatin have significantly improved the prognosis of patients with certain sarcoma type.
However, in a large part of patients these treatments failed, leading to tumor recurrence,
development of metastasis and acquisition of drug resistance [2–4]. Therefore, a better un-
derstanding of the complex mechanisms of sarcoma pathogenesis is crucial for identifying
effectors involved in chemotherapy resistance and metastasis development, defining novel
prognostic biomarkers able to predict progression of disease and improving prognosis.

In the last few decades, a significant progress has been made in knowledge and
development of liquid-based biopsy techniques [5]. Liquid biopsy is a very simple and
minimal invasive procedure, without complication risks, thus representing a valuable
alternative to surgical biopsies. The main source of information obtained by liquid biopsy
originates from tumor cells, cell-free nucleic acids, exosomes, and metabolites, released
and circulating in body fluids such as plasma, serum, saliva, cerebral spinal and urine.
Liquid biopsies provide a specific representation of tumor, allowing to monitor tumor
dynamics, to characterize primary and recurrent tumors, to predict treatment response,
picturing cancer relapse and metastasis [5]. Among cell-free nucleic acids, great attention
was focused on circulating tumor DNA (ctDNA), which consists of small pieces of DNA,
usually less than 200 nucleotides [6], present in the body fluids and reflecting the entire
tumor genome [6]. ctDNA detection was used to study different clinical parameters, such
as tumor volume and stage, as well as to monitoring minimal residual disease, response,
resistance to therapies and tumor evolution [7]. Although easily detected in aggressive
tumors, ctDNAs are present at low levels in sarcoma, making difficult their detection at
times of lower disease burden [8]. Moreover, most ctDNA assays are designed to detect
recurrent mutations, while pediatric sarcomas show a small number of recurrent mutations
and are instead characterized by translocations and copy-number changes. To date, only a
small number of studies managed to dissect different subtypes of sarcomas by analyzing
ctDNA [9,10]. In contrast, circulating noncoding RNAs are recently emerging as key medi-
ators in the regulation of gene expression profile of tumor cells. This function is reflected
also in the body fluids, where they show different expression patterns in cancer patients
and healthy subjects, thus representing ideal candidates in blood-based diagnostics [11].
This characteristic provides an advantage over ctDNA allowing to discriminate different
noncoding RNA expression profiles, associated with tumor stages or responses to therapies,
due to transcriptional changes, not detectable through ctDNA analysis. At present, both
ctDNA and circulating noncoding RNAs show several advantages making them promising
tools in sarcoma diagnosis and prognosis as biomarkers, accompanied by as many limits to
their clinical application. Therefore, the analysis of both types of circulating nucleic acids
could help reducing such limits and increasing the diagnostic potential.

In this review, we will focus on circulating noncoding RNA molecules, including miR-
NAs, lncRNAs and circRNAs, discussing their potential value as non-invasive biomarkers
for sarcoma diagnosis and prognosis prediction.

2. Circulating miRNAs Level May Function as Indicator of the Disease Status in
Sarcoma Patients

This section addresses recent findings on a group of circulating miRNAs whose altered
expression might be consistently associated with sarcoma progression, thus representing
an important indicator of the clinical stage of disease, metastatic progression and/or
therapeutic response.

First, miRNAs are single-stranded endogenous short noncoding RNAs that exert
key regulatory functions by controlling the expression of specific target genes at post-
transcriptional level, mainly by binding to the 3‘-untranslated regions of these mRNAs [12].
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Growing evidence indicates that miRNAs may be differentially expressed in a tumor-
specific fashion and may function either as oncogenes or tumor suppressors, depending on
the cell type and tumor tissue [13]. Although deregulation in circulating miRNAs is often
consistent with altered expression in tumor tissues, there is no unanimous consensus on
whether miRNA alterations in tumor tissues parallel similar changes in the patients’ blood.
In many tumors, miRNAs are secreted from cancer cells into the extracellular environment
via multiple mechanisms [14], determining their presence not only in the surrounding
cells and tissues, but also in circulating body fluids, such as serum, plasma and urine [15],
where they remain highly stable. These interesting properties suggest their potential use as
blood-based markers in cancer diagnosis and prognosis prediction [11,12].

Although in most cases, the mechanisms have not been elucidated yet, the correlation
between changes in the circulating level of specific miRNAs and the tumorigenesis process
(initiation, progression and metastasis formation) is well established [16]. To date, several
studies have shown that circulating miRNAs may be released and transported through
the exosome pathway, micro-vesicles or associated to protein complexes (Figure 1) [17].
Exosomes are a group of small extracellular vesicles (EVs) (30–100 nm in diameter) formed
by the inward budding of endosomal membrane during the maturation of multivesicu-
lar endosomes and their subsequent fusion with the cell surface [18]. Exosomes can be
secreted by multiple cell types and, due to their involvement in endocrine signals, are also
present in many different body fluids, such as urine, synovial fluid, bile, cerebrospinal fluid,
amniotic fluid, breast milk, blood and seminal plasma [18]. Depending on their origin
and composition, exosomes can perform a variety of functions, in both physiological and
pathological conditions. Tumor cells, as well as tumor microenvironments, in fact, can
produce and secrete exosomes containing molecular cargos totally different from those
produced by normal cells [19]. Such exosomes, called tumor-derived exosomes (TDEs) and
tumor microenvironment exosomes (TMEs), respectively, exert key roles in the regulation
of tumor growth, survival, and angiogenesis, as well as tumor invasion and metastasis,
inducing epithelial-mesenchymal transition (EMT) and the formation of pre-metastatic
niche [19,20]. Therefore, exosomes provide a novel way to spread effector messages be-
tween cells, including proteins, mRNAs and noncoding RNAs, such as miRNAs, lncRNAs
and circRNAs [20].

Figure 1. miRNAs release in the extracellular space. miRNAs can be released in the extracellular
space through different ways, such as exosomes, by forming protein or lipoprotein complexes, and
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microvesicles. Once internalized in the recipient cell, miRNAs can act on the target mRNAs by
achieving their translational repression. Circulating miRNA levels from blood samples showed
differences between sarcoma patients and healthy subjects and between patients with localized tumor
or metastatic disease. Circulating miRNA levels may correlate with the clinicopathological features
of patients, with their prognosis and may change in response to therapeutic treatments.

2.1. Increased Circulating miRNAs Expression Associates with Worse Prognosis in
Sarcoma Patients

It is well documented that miRNAs can serve oncogenic functions and that their
abnormal expression represents a crucial step in the process of tumor initiation and pro-
gression. miRNAs, in fact, can regulate the expression of genes involved in the control of
proliferation, angiogenesis and invasion [21,22]. Yuan and colleagues reported a correlation
between the clinicopathological features of OS patients and high serum level of miR-21 [23],
whose up-regulation was reported in several cancers [24,25]. Circulating miR-21 correlates
with advanced Enneking stage, poor tumor response to neoadjuvant chemotherapy and
reduced overall survival rate of patients, compared with healthy subjects [23]. Another
study found that the expression level of miR-21 in the serum of OS patients before and
after chemotherapy correlated with its expression in the corresponding tumor tissues [26].
Moreover, in patients with effective chemotherapy, miR-21 serum levels decreased after
treatment, indicating that high miR-21 level may be associated to chemosensitivity of OS.
In 2017, a global miRNA screening in serum of OS patients identified the miR-25-3p as
prognostic factor for OS, whose increased concentration correlated with clinical features,
including distant metastasis [27]. Importantly, the elevated serum level of miR-199a-5p
was significantly reduced in OS patients after surgery [28], suggesting that the evaluation
of miRNAs may be used to monitor tumor dynamics.

Other miRNAs whose increased serum level paralleled the expression in tumor tis-
sue of OS patients, are miR-196a, miR-196b, miR-17, miR-221 and miR-300 [29–33]. The
increased serum levels of miR-196a and miR-196b were associated with decreased over-
all survival and disease-free survival of OS patients. More interestingly, patients with
high levels of these miRNAs in both serum and tumor tissues displayed worse progno-
sis, revealing the possibility for predicting the outcome of patients by analyzing miRNA
concentration [29]. Similarly, the prognosis of patients with high serum expression of
miR-17 [30] or miR-191 [31] was significantly worse in comparison with those exhibiting
lower expression. miR-221 and miR-300 can be considered prognostic biomarkers: their
elevated expression was associated with advanced clinical stage and positive metastasis
status, correlating with poor outcome of OS patients [32,33]. Similarly, miRNA-421 was
found upregulated not only in OS tumor tissue, compared with adjacent normal tissue, but
also in the serum of OS patients, in comparison to healthy volunteers [34]. Furthermore,
increased serum concentration of miR-9 [35], miR-27a [36] and miR-26a-5p [37] was found
associated with advanced clinicopathological features, such as tumor stage and size, posi-
tive distant metastasis and correlated with a poor prognosis and shorter overall survival of
OS patients. The expression levels of miR-29 family (miR-29a, miR-29b, and miR-29c) in
OS tissues significantly correlated with those in the serum of patients. Interestingly, while
the higher miR-29c level was not related to any clinicopathological features, high level
of miR-29a and miR-29b was associated with high tumor grade, positive metastasis and
recurrency [38]. In 2018, the circulating miR-215-5p, already proposed as hepatocellular
carcinoma biomarker [39], was found upregulated in the serum of OS patients [40]. The
elevated circulating level of another miRNA, miR-542-3p, was associated with advanced
tumor stage and shorter free survival in OS patients [41].

As with OS, high serum levels of miRNAs were detected in other sarcomas. In 2017,
miR-92b-3p was found increased in the serum of patients with SS compared with healthy
subjects [42], suggesting the possibility that serum concentration of miR-92b-3p may be
considered a non-invasive biomarker of SS. Importantly, circulating miR-375 is a good
indicator of active Kaposi sarcoma (KS) in Acquired immunodeficiency syndrome (AIDS)
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patients [43]. In fact, its upregulated plasma expression decreased after chimeric antigen
receptor (cART) T-cell-induced remission in most patients [43]. In RMS, the serum level of
muscle-specific miRNAs, in particular miR-206, was significantly higher compared with
healthy subjects [44].

Recently, Kohama and colleagues, by analyzing the expression profile of miRNAs
in tissue and serum of dedifferentiated liposarcoma (DDLPS) patients, identified specific
miRNAs highly expressed in both compartment (such as miR-1246, miR-4532 and miR-
619-5p), suggesting their potential exploitation as biomarkers [45]. A microarray-based
miRNA screening of blood RNA from DDLPS patients and healthy subjects identified
miR-3613-3p as significantly upregulated [46]. Interestingly, miRNA-3613-3p showed
higher level in patients with localized disease compared with patients with metastasis [46].
Similarly, high levels of miR-34a were found in the blood of ES patients with localized
disease compared with metastatic patients [47]. Lastly, miR-1260b was found upregulated
in patient with infiltrative myxofibrosarcoma (MFS) [48]. Results suggested that miRNA-
1260b may be used as a biomarker for disease monitoring since its level correlated with
tumor dynamics, as indicated by the decreased concentration in the blood of patients after
tumor resection [48].

As mentioned above, mature miRNAs can be incorporated in exosomes. Although the
precise mechanism of release into the extracellular environment remains largely unknown,
numerous studies confirmed that several circulating miRNAs are enriched in exosomes [11].
In OS patients, enhanced serum exosomal miR-675 expression causes down-regulation of
Calneuron 1 (CALN1), thus influencing invasion and migration of cells [49]. Moreover,
purified exosomes derived from metastatic OS cells increased the migration and invasion
of fibroblasts, suggesting that exosomal miR-675 expression represents a biomarker for
the metastatic process. Similarly, miR-15a was found highly expressed in exosomes of OS
patients [50]. Thus, the hypothetical mechanism could involve exosomes internalization by
OS cells and the control of cell cycle progression and tumor growth by miRNA-15a through
repression of the GATA2/MDM2 axis. Furthermore, miR-486-5p up-regulation was detected
in serum-derived exosomes of patients with RMS [51], whose expression decreased after
chemotherapy or cancer remission. This exosomal miRNA could be responsible of the
enhanced tumorigenic phenotype of recipient cells.

By analyzing RNA isolated from LPS serum patients, Casadei and colleagues, showed
that miR-25-3p and miR-92a-3p were secreted by LPS cells through exosomes [52], thus
allowing the communication between tumor cells and the surrounding microenvironment.
They acted by stimulating the secretion of pro-inflammatory IL-6 from tumor-associated
macrophages, thus driving liposarcoma progression.

2.2. Down-Regulation of Specific Circulating miRNAs Correlates with Sarcoma Pathogenesis

miRNAs exert their functional regulation depending on the tumorigenic process which
involves their target genes. As mentioned above, the level of circulating miRNAs may
be related to their level in tumor tissue, as in the case of miRNA-34b, which decreased
plasma level was observed in OS patients. In addition, plasma expression levels of miR-34b
decreased in OS metastatic patients, compared with the non-metastatic ones [53]. miR-
124 [54], miR-139-5p [55] and miR-101 [56] low serum concentration correlated with distant
metastasis and worse OS patient survival. Interestingly, after chemotherapy, the serum
level of miR-124 and miR-101 increased. A similar distribution between tumor tissue
and serum was found also for the miR-375 [57], whereas low expression of miR-195 was
associated with the clinicopathological features (advanced clinical stage and positive distant
metastasis) of OS patients [58].

By analyzing control and disease-associated plasma from a genetically engineered
mouse model of OS, some miRNAs were found differentially expressed [59]. Among them,
miR-214 showed a similar behavior as in OS human samples: remarkably, its decreased
plasma level in metastatic patients was associated with better prognosis [59]. Moreover,
the survival time of OS patients with lower expression of miR-497 [60] was shorter than in
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patients with higher expression. In OS patients, the decreased serum level of miR-95-3p
was associated with the progression and development of OS pathogenesis [61]. Notably,
this miRNA was found upregulated in OS patients, compared with the healthy control [62].
miR-223, whose role was characterized in the myeloid lineage development [63], may act as
tumor suppressor and its low expression in OS was associated with distant metastasis and
clinical stage [64]. A key role for the miRNA-491 in OS lung metastasis and chemoresistance
was also reported, and its decreased serum level correlated with increased metastasis, poor
chemoresponse and low survival rate [65]. Similarly, lower miR-194 expression correlated
with positive metastasis and advanced clinical stage in OS patients, even with no differences
among the histological subtypes [66].

In 2012, miR-133b and miR-206 were found as the most downregulated miRNAs in
OS tissue [67]. This downregulation in cancer tissues correlated with low serum level [68].
Remarkably, combined downregulation of serum and tissue miR-133b levels correlated
with decreased overall survival and disease-free survival of patients, in comparison with
single downregulation. Circulating miR-125b was found down-regulated in OS and ES
patients [69,70]. Luo and colleagues observed that patients with unresectable OS showed
lower miR-125b level, associated with advanced tumor stage [69].

In ES, low miR-125b expression was associated to poor response to chemotherapy [70].
Analysis of blood samples from RMS patients, revealed that miR-26a, miR-30b and -30c
were reduced in comparison to healthy subjects [71]. No significant variation in the
expression of these miRNAs was found between the two major RMS subtypes, alveolar
rhabdomyosarcoma (ARMS) and embryonal rhabdomyosarcoma (ERMS). In addition, miR-
26a correlated with enhanced risk of relapse and poor prognosis [71]. In uterine sarcoma,
lower serum levels of miR-152 and miR-24 associated with worse prognosis [72].

Collectively, these studies suggest that circulating miRNAs might be useful as non-
invasive biomarker in sarcoma (Table 1). Moreover, miRNA serum levels might be used for
monitoring the therapeutic response and predicting sarcoma patients’ prognosis. However,
these studies present some limitations, such as the small sample size and the fact that the
detailed molecular mechanisms underlying the dysregulation of circulating miRNAs in
sarcoma patients remain to be further elucidated.

Table 1. List of miRNAs identified in sarcoma body fluids.

miRNA Name Expression
Pattern

No. of
Patients

Similar
Expression
Pattern in

Tumor Tissue

Disease
Monitoring

Method to
Identify/

Quantify miRNA

Osteosarcoma

miR-21 [23,26] Upregulated
(serum) 65/69 Not reported/yes Not analyzed RT-qPCR

miR-25-3p
[27]

Upregulated
(serum) 10 yes

Decrease after
tumor resection

or during
chemotherapy

Microarray/
RT-qPCR

miR-196a/b
[29]

Upregulated
(serum) 100 yes Not analyzed RT-qPCR

miR-17
[30]

Upregulated
(serum) 46 yes Not analyzed RT-qPCR

miR-191
[31]

Upregulated
(serum) 100 yes Not analyzed RT-qPCR

miR-221
[32]

Upregulated
(serum) 108 yes Not analyzed RT-qPCR
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Table 1. Cont.

miRNA Name Expression
Pattern

No. of
Patients

Similar
Expression
Pattern in

Tumor Tissue

Disease
Monitoring

Method to
Identify/

Quantify miRNA

miR-300
[33]

Upregulated
(serum) 114 yes

Decreased in
patients with

curative surgeries
RT-qPCR

miR-421
[34]

Upregulated
(serum) 40 yes Not analyzed RT-qPCR

miR-9
[35]

Upregulated
(serum) 118 Not reported Not analyzed RT-qPCR

miR-27a
[36]

Upregulated
(serum) 166 Not reported Not analyzed RT-qPCR

miR-26a-5p
[37]

Upregulated
(serum) 243 yes Not analyzed RT-qPCR

miR-29
family

[38]

Upregulated
(serum) 80 yes Not analyzed RT-qPCR

miR-215-5p
[40]

Upregulated
(serum) 15 Not reported Not analyzed

miRNA Low
Density Arrays

(TLDAs)/
RT-qPCR

miR-542-3p
[41]

Upregulated
(serum) 76 Not reported Not analyzed RT-qPCR

miR-675
[49]

Upregulated
(serum exosomes) 10 Not reported Not analyzed RNA sequencing/

RT-qPCR

miR-15a
[50]

Upregulated
(serum exosomes) 31 no Not analyzed RT-qPCR

miR-34b
[53]

Downregulated
(plasma) 133 yes Not analyzed RT-qPCR

miR-124
[54]

Downregulated
(serum) 114 yes

Increased after
chemotherapy

treatment
RT-qPCR

miR-139-5p
[55]

Downregulated
(serum) 98 Not reported Not analyzed RT-qPCR

miR-101
[56]

Downregulated
(serum) 152 Not reported

Increased after
chemotherapy

treatment
RT-qPCR

miR-375
[57]

Downregulated
(serum) 95 Not reported Not analyzed RT-qPCR

miR-195
[58]

Downregulated
(serum) 195 Not reported Not analyzed RT-qPCR

miR-214
[59]

Downregulated
(plasma of
metastatic
patients)

40 Not reported Not analyzed RT-qPCR

miR-497
[60]

Downregulated
(serum) 185 Not reported Not analyzed RT-qPCR

miR-223
[64]

Downregulated
(serum) 112 Not reported Not analyzed RT-qPCR

miR-491
[65]

Downregulated
(serum) 102 Not reported Not analyzed RT-qPCR

miR-194
[66]

Downregulated
(serum) 124 Not reported Increased after

surgery RT-qPCR
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Table 1. Cont.

miRNA Name Expression
Pattern

No. of
Patients

Similar
Expression
Pattern in

Tumor Tissue

Disease
Monitoring

Method to
Identify/

Quantify miRNA

miR-133b
[67]

Downregulated
(serum) 100 yes Not analyzed RT-qPCR

miR-206
[68]

Downregulated
(serum) 100 yes Not analyzed RT-qPCR

miR-125b
[69]

Downregulated
(plasma of

unresectable OS
patients)

138 Not reported Not analyzed RT-qPCR

Synovial sarcoma

miR-92b-3p
[42]

Upregulated
(serum) 12 Not reported

Decreased after
tumour resection

and adjuvant
chemotherapy

Microarray/
RT-qPCR

Kaposi’s sarcoma

miR-375
[43]

Upregulated
(serum) 10 Not reported

Decreased after
cART-cell
induced

remission

Microarray/
RT-qPCR

Dedifferentiated liposarcoma

miR-1246
[45]

Upregulated
(serum) 17 yes Not analyzed Microarray/

RT-qPCR

miR-4532
[45]

Upregulated
(serum) 17 yes Not analyzed Microarray/

RT-qPCR

miR-619-5p
[45]

Upregulated
(serum) 17 yes Not analyzed Microarray/

RT-qPCR

miR-3613-3p
[46]

Upregulated
(serum) 6 Not reported Not analyzed

Affymetrix
GeneChip

Array/RT-qPCR
Rhabdomyosarcoma

miR-206
[44]

Upregulated
(serum) 10 yes Decreased after

treatment RT-qPCR

miR-26a
[71]

Downregulated
(plasma) 30 Not reported Not analyzed ddPCR

miR-486-5p
[51]

Upregulated
(serum exosome) 10 Not reported Decreased after

chemotherapy
Microarray/

RT-qPCR

Ewing sarcoma

miR-34a
[47]

Upregulated
(plasma of

localized disease
patient)

31 Not reported Increased after
chemotherapy RT-qPCR

miR-125b
[70]

Downregulated
(serum) 63 Not reported

Decreased in case
of poor response
to chemotherapy

Microarray/
RT-qPCR

Liposarcoma

miR-25-3p
[52]

Upregulated
(plasma vesicles) 16 no Not analyzed

NanoString
nCounter miRNA
expression assay/

RT-qPCR
miR-92a-3p

[52]
Upregulated

(plasma vesicles) 16 no Not analyzed RT-qPCR
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Table 1. Cont.

miRNA Name Expression
Pattern

No. of
Patients

Similar
Expression
Pattern in

Tumor Tissue

Disease
Monitoring

Method to
Identify/

Quantify miRNA

Myxofibrosarcoma

miR-1260b
[48]

Upregulated
(serum) 5 no Decreased

postoperatively
Microarray/

RT-qPCR

Uterine sarcoma

miR-24
[72]

Downregulated
(serum) 101 Not reported Not analyzed RT-qPCR

miR-152
[72]

Downregulated
(serum) 101 Not reported Not analyzed RT-qPCR

RT-qPCR: reverse transcription quantitative real-time PCR; ddPCR: droplet digital PCR; TLDAs: TaqMan
low-density arrays.

3. Circulating lncRNAs as Novel Prognostic Factors for Sarcoma Malignancies

Long noncoding RNAs (lncRNAs) are, by definition, transcripts longer than 200 nt,
expressed at lower levels than other RNA transcripts. Their expression can be tissue-
and cell- specific, as well as dependent on epigenetic modification [73–75]. lncRNAs are
characterized by low coding potential and rely on precise molecular interaction to fulfill
their role in specific pathological contexts. Moreover, lncRNAs can serve as scaffolds in
protein-protein or protein-nucleic acid interactions, thus contributing to the epigenetic
changes and transcriptional events underlying regulation of gene expression signatures and
miRNA stability. Specifically, these noncoding transcripts are able to modulate different
cellular functions involved in tumorigenesis and several lncRNAs have been linked to
oncogenic processes [76]. lncRNAs differentially expressed in normal or cancer tissues and
metastases can be used as potential biomarkers for diagnosis, prognosis, and therapy [76].
Notably, some circulating lncRNAs are well suited for noninvasive analysis of patient
samples, since they were found also in the serum, plasma, and other body fluids.

To date, only a limited number of circulating lncRNAs emerged as potential diagnostic
or prognostic markers in sarcoma patients (Table 2) [77]. The Taurine Upregulated Gene 1
(TUG1) expression was found upregulated in OS patients [78,79]. TUG1 is highly expressed
in OS compared with adjacent healthy tissues, and its expression levels decreased in post-
operative patients in comparison with pre-operative patients [79]. TUG1 was also found in
the plasma samples of OS patients and was associated with disease status [79]. Like TUG1,
HNF1A Antisense RNA 1 (HNF1A-AS1) and Focally Amplified LncRNA on chromosome
1 (FAL1) were also monitored along with disease progression, and their expression was
found increased with relapse [80].

High expression of HNF1A-AS1 conferred poor survival rate to patients [80]. Remark-
ably, HNF1A-AS1 expression was higher in the serum of pre-operative patients compared
with healthy donors or post-operative patients [80]. Serum samples of OS patients and
healthy controls were analyzed also for expression levels of FAL1. Results showed that
FAL1 expression decreased in post-operative patients and in healthy controls. Interestingly,
serum FAL1 expression was significantly higher in patients displaying benign bone lesions
or after chemotherapy [81].

The expression level of other lncRNAs was correlated with survival probability in OS.
Like the cases already discussed, high levels of EPEL, MALAT1, FGD5-AS1 and LINC01278
were associated with poor prognosis [82,83]. Particularly, the expression of EPEL (E2F-
mediated cell proliferation enhancing lncRNA) was detected in the serum of OS patients,
and was found upregulated in patients with distant metastases with respect to the control
group, and non-distant metastasis [82]. Over the years, several studies highlighted the
lncRNA MALAT1 as a diagnostic biomarker for multiple malignancies, carcinomas, non-
small-cell lung cancer, and epithelial ovarian cancer [84]. In OS, high expression of MALAT1
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was associated with poor overall and progressive-free survival [83]. Likewise, the lncRNA
FGD5-AS1 was found abnormally highly expressed in many cancer tissues and associated
with poor prognosis [85]. Of note, it was also found highly expressed in the serum of OS
patients [74].

Although great efforts were devoted to select reliable circulating prognostic factors in
sarcoma, the molecular mechanisms driving the production of these circulating lncRNAs
are still poorly characterized, and little is known about the function of these circulating
lncRNAs in sarcoma tumors. Some investigations were able to define the export mecha-
nism. In particular, for lncRNAs predominantly localized in the cytoplasm compartment
(cc-lncRNAs) it was reported that the export mechanism was similar to miRNA molecules,
based on membrane-bound vesicles or through a vesicle-free RNA-binding protein depen-
dent pathway, in a miRNAs similar fashion [86–88]. By contrast, some nuclear lncRNAs
could be released from cancer cells upon death, as for ATB, HNF1A-AS1, LINC01278,
LINC01354, LINK-A and UCA1 [89–93]. The Activated by TGF-β lncRNA (lncRNA-ATB)
was investigated as a potential novel non-invasive biomarker for OS: in fact, high lncRNA-
ATB levels showed worse recurrence-free and overall survival [89]. LINC01278 is highly
expressed in OS, and patients with high LINC01278 expression showed poor prognosis [94],
like UCA1 [90,91]. Moreover, the analysis of blood samples from chondrosarcoma patients
and healthy volunteers revealed that the expression level of RAMP2 Antisense RNA 1
(RAMP2-AS1) was higher in the pathological condition. The level of RAMP2-AS1 varied
along with the stage of the disease, with higher expression in the T2 stage and in pa-
tients with distant metastasis (M1 stage) [95]. Kaplan-Meier analysis revealed that high
RAMP2-AS1 levels are associated with poor overall survival [95].

Notably, the lncRNAs mentioned above were all found upregulated in patients’ biop-
sies. By contrast, serum levels of the lncRNA Heart and Neural crest Derivatives expressed
2-antisense RNA 1 (lncRNA HAND2-AS1) were significantly higher in control subjects
compared with OS patients [96]. Similarly, plasma levels of lncRNA-NEF significantly
decreased in patients with OS [97]. ROC curve analysis indicated their potential diagnostic
value in OS. Interestingly, NEF downregulation significantly correlated with the increase of
miRNA-21 in plasma samples [97].

Although the feasibility of using circulating lncRNAs as putative cancer biomarkers
has been extensively reported, many aspects can interfere with the quantification of circulat-
ing lncRNAs. Thus, standardization of extraction procedures and quantification techniques
need to be deeply investigated and ameliorated.

Notably, lncRNA traits are specific to cancer types and features, such as oncogene
expression, hormone responsiveness and drug treatment. This last aspect could suggest
the potential use of circulating lncRNAs as pharmacodynamic markers.

Table 2. List of lncRNAs identified in sarcoma.

LncRNA Name Expression
Pattern

Sarcoma Type/
No. of Patients

Similar
Expression in
Tumor Tissue

Disease
Monitoring

Circulating
Expression also in

Other Cancers

TUG1 Upregulated
(plasma)

OS [78,79]/
40,76 yes

Decreased
expression in

post-operative
patients

Increased level in
case of relapse

LAD [98]
Breast cancer [99]

MM [100]
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Table 2. Cont.

LncRNA Name Expression
Pattern

Sarcoma Type/
No. of Patients

Similar
Expression in
Tumor Tissue

Disease
Monitoring

Circulating
Expression also in

Other Cancers

HNF1A-AS1 Upregulated
(serum) OS [80]/72 yes

Decreased
expression in
patients with

post-operative
chemotherapy

Increased level in
case of relapse

ESCC [101]

FAL1 Upregulated
(serum) OS [81]/39 yes

Decreased
expression in

post-operative
patients

GC [102]
HCC [103]

EPEL Upregulated
(serum) OS [82]/39 yes Not analyzed No data available

MALAT1 Upregulated
(serum) OS [83]/46 yes Not analyzed

Breast cancer [104]
MM [105]

gastric adenocarci-
noma [106]
NSLC [107]

glioblastoma
multiforme [108]

EOC [109]

FGD5-AS1 Upregulated
(serum) OS [85]/97 yes Not analyzed Thyroid Cancer [110]

ATB Upregulated
(serum) OS [89]/60 yes

Increased
expression in case

of relapse

CRC [111]
HCC [112]

Breast cancer [113]

LINC01278 Upregulated
(serum) OS [94]/66 yes Not analyzed No data available

RAMP2-AS1 Upregulated
(serum)

Chondrosarcoma
[95]/45 Not reported Not analyzed No data available

HAND2-AS1 Downregulated
(serum) OS [96]/48 yes not analyzed No data available

NEF Downregulated
(plasma) OS [97]/49 Not reported Not analyzed

NSCLC [114]
IHCC [115]

GC [116]
Glioma [117]

LINC01354 Upregulated
(serum) OS [93]/30 yes Not analyzed No data available

UCA1 Upregulated
(serum) OS [90,91]/85 yes Not analyzed

Bladder cancer [118]
HCC [119]
PC [120]

CRC [121,122]

LINK-A
Upregulated
(plasma of
metastatic
patients)

OS [92]/62 Not reported Not analyzed OC [123]

LAD: Lung adenocarcinoma; MM: Multiple myeloma; ESCC: Esophageal squamous cell carcinoma; GC: Gastric
cancer; HCC: Human hepatocarcinoma; NSCLC: Non-small-cell lung carcinoma; EOC: Epithelial ovarian can-
cer; CRC: Colorectal cancer; IHCC: Intrahepatic cholangiocarcinoma; PC: Prostate cancer; OC: Ovarian cancer.
Quantification of circulating lncRNAs levels was performed by RT-qPCR in all identified studies.

4. Circulating circRNAs in Sarcoma Diagnosis and Prognosis

Circular RNAs (circRNAs) represent an abundant class of covalently closed and mostly
noncoding RNA molecules [124]. Most of them are produced from protein-coding genes
through a particular splicing mechanism, called back-splicing, that, by exploiting the
canonical spliceosome machinery, allows joining of a downstream donor (5′ splice site)
and an upstream acceptor (3′ splice site) [124,125]. Despite back-splicing is less efficient
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than canonical linear counterpart [126], the presence of inverted Alu repeats, non-repetitive
complementary sequences, and binding sites for dimerizing RNA-binding proteins (RBPs),
can favor the formation of the looping structure [127,128].

CircRNAs are involved at different levels in the regulation of cellular homeostasis and
are characterized by tissue-specific expression patterns [129,130] and high stability [131].
They execute their function through different mechanisms. First, they can act as miRNA
sponges, preventing the interaction between specific miRNAs and their mRNA targets [132].
In addition, circRNAs interact with different RBPs, thus acting as scaffolds in the formation
of multiprotein complexes. The resulting structures work as protein sponges, able to
inhibit specific protein functions, protein translation or even able to recruit proteins to
specific subcellular compartments and organelles [133–135]. Despite the lack of 5′cap and
poly(A) tail, some circRNAs can act as protein templates, thanks to the presence in their
sequences of internal ribosome entry sites (IRES) or m6a RNA modifications, that allow a
cap-independent translation [136–138]. All together, these characteristics help explaining
the recent emerging roles of circRNAs in cancer [139,140].

Depending on their sequence and cellular localization, circRNAs can be involved in
the regulation of gene expression profile of tumor cells, participating, as oncogenes or
tumor suppressors, at different levels in tumor onset and progression. As already reported
for miRNAs and lncRNAs, circRNAs are also present in body fluids, such as plasma,
serum, saliva and urine [11], showing different expression patterns in cancer patients and
healthy subjects [141]. This observation makes circRNAs a promising tool as non-invasive
biomarkers in tumor diagnosis and prognosis, as well as novel potential therapeutic targets.

4.1. Free Circulating circRNAs in Liquid Biopsies

Recent studies are bringing to light the role of circRNAs as novel biomarkers also in
sarcomas, particularly in OS [142,143].

Notably, a recent study identified hsa_circ_0081001 as highly expressed in the serum
of OS patients compared with healthy controls; remarkably, hsa_circ_0081001 positively
correlated with chemoresistance, lung metastasis and tumor recurrence [142], making
hsa_circ_0081001 a new potential diagnostic and prognostic biomarker. A similar study
identified hsa_circ_0000885 in the serum of OS patients, mostly in patients with Enneking
stage IIB and III OS, compared with tumors at earlier stages or healthy controls. Also in this
case, a positive correlation was observed between high serum levels of the hsa_circ_0000885
and low rates of disease-free survival, chemoresistance and lung metastasis. Conversely,
after chemotherapy and surgery, the level of hsa_circ_0000885 dramatically decreased,
highlighting its possible eligibility as diagnostic and prognostic biomarker in OS [143].

Although these studies underline the strong potential of circRNAs in body fluids as
new key tools in cancer diagnosis and prognosis, to date their clinical applicability is still
limited. First, the lack of standard nomenclature systems makes difficult to recognize the
same circRNA in different studies, hindering clinical reproducibility. Second, the results
obtained in the studies described above are obtained by case-control analyses on small
samples with evident phenotypes. Additional studies on a larger number of patients with
different clinical characteristics are needed to evaluate the sensitivity and specificity of
circRNAs in diagnosis, necessary to translate them into clinical practice. Finally, another
obstacle is represented by the low abundance of circRNAs in body fluids, which makes
their detection very hard [144].

4.2. Exosomal circRNAs

Blood exosomes are particularly enriched in circRNAs [145]. Among other RNA
molecules, circRNAs are attracting particular attention, due to their stability and regulatory
roles in gene expression. These characteristics indicate that the exosomal circRNA content
could be not only a passive reflection of the cellular content, but, instead, the consequence
of particularly active sorting machineries.
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Recent studies highlighted the potential role of exosomal circRNAs as prognostic and
diagnostic biomarkers in cancer, identifying a close correlation between circRNAs carried
by exosomes and OS progression. High levels of hsa_circ_103801 were found in OS patients’
serum exosomes, showing a negative correlation with patient survival [146]. Analysis
of the human OS cell line MG63 showed higher expression level of hsa_circ_103801 in
exosomes of cisplatin (CDDP)-resistant compared with sensitive MG63 cells. Moreover,
transfer of exosomes containing hsa_circ_103801 from CDDP-resistant to CDDP-sensitive
cells, allowed acquisition of resistance to the chemotherapeutic agent by inducing the
expression of resistance-related proteins. Remarkably, Li and colleagues observed lower
expression levels of hsa_circ_0000190 in OS cell lines and tissues compared with healthy
controls, showing a negative correlation between its expression pattern and the ability of
tumor cells to proliferate, migrate and invade other tissues [147]. By performing molecular
analysis in OS cell lines, the authors found that hsa_circ_0000190 acts as a miRNA sponge,
interacting with miR-767-5p and preventing its interaction with the mRNA encoding the
tumor suppressor TET1 [147]. Furthermore, low expression of hsa_circ_0000190 was ob-
served in the EVs from the plasma of OS patients, underlying a potential role as diagnostic
biomarker and therapeutic agent [147].

Many advantages are provided by the application of exosomal circRNAs as tumor
biomarkers. As first, exosomes derived from tumor cells carry disease-specific circRNAs in
the peripheral blood, allowing to easily discriminate these RNA molecules from circulating
circRNAs produced by untransformed cells. Next, the size of exosomes and their molecu-
lar composition, reflects the specific type and pathophysiological state of the producing
cells [148]. As last, exosomes protect RNA molecules from degradation by RNases in the
blood [149].

In summary, current knowledge makes clear how research on circulating circRNAs
in sarcomas is still in its infancy. More focused studies are needed to improve their
understanding and exploitation. As first, it would be necessary to understand in more
detail the circRNA expression pattern in sarcoma patients and their mechanisms of action.
Next, it would be important to improve technologies aimed at their detection, as well as
the identification of a unique nomenclature to render easier the study of these circRNAs
in different tumor types. All together, these studies will allow to open the way towards
clinical application of new RNA-based molecular tools for cancer diagnosis, prognosis
and therapy.

5. Methods and Technological Challenges in the Early Detection of Circulating RNAs

Given the relevant alterations of circulating RNAs in cancer patients, paralleling
disease progression, therapy treatment and tumor recurrence, the fundamental need has
emerged to improve extraction and amplification procedures and to standardize detec-
tion techniques. High-throughput techniques and next-generation sequencing technolo-
gies are greatly helping to achieve this goal, also enabling the discovery of novel tumor-
associated ncRNAs.

In this paragraph we will describe general techniques used to detect circulating RNAs,
listed in Table 3. Several detection methods are available for rapid quantification, with
good sensitivity and specificity; however, more appropriate strategies depend on the
specific class of RNA to measure; miRNAs levels can be easily measured by real-time
quantitative PCR (RT-qPCR), and microarray-based technologies. Microarray technolo-
gies showed high sensitivity, but they allow for identifying only known RNAs [150],
whereas novel cancer-specific variants could not be detected. Droplet digital PCR al-
lows for analyzing samples of small quantity, without laborious preparative procedures.
This technique requires optimized enzymes, probes and standardized controls. To date,
next-generation sequencing represents the most favorable approach to detecting both
known and unknown RNA molecules, although the required quantity of samples might
be limiting. The last frontier in detecting circRNAs are isoCirc and CIRI-long technolo-
gies, representing an evolution of third-generation sequencing optimized to minimize
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low-accuracy defects [151,152]. isoCirc combines rolling circle amplification and nanopore
long-read sequencing to characterize full-length circRNA isoforms. After total RNAs ex-
traction from a biological sample, circRNAs can be enriched and linear RNAs depleted
through ribosomal RNA (rRNA) removal and RNase R treatment. Next, tandem repeats
can be detected from long reads and used to generate consensus sequences. For each
read, a concatemer of two copies of the consensus sequence is mapped to the genome
to identify the back-splice junction and forward-splice junctions within the circRNA.
In this way, isoCirc enables identification of high-confidence back-splice junctions and
full-length circRNA isoforms (https://github.com/Xinglab/isoCirc, 27 July 2022) [151].
To overcome difficulties in reconstructing the sequence of circRNAs from short RNA
sequencing reads, a new approach was developed, coupling the nanopore technology
with a new algorithm called circRNA identifier using long-read sequencing data (CIRI-
long) [152] (https://ciri-cookbook.readthedocs.io/en/latest/CIRI-long_sequencing.html,
27 July 2022). This method takes advantage of nanopore long reads and enables unbiased
reconstruction of full-length circRNA sequences [152].

Table 3. List of methodological procedures for detecting circulating noncoding RNAs.

Circulating RNAs Detection Techniques

Technique Sensitivity Specificity Advantages Disadvantages

RT-qPCR low Dependent to primer
design

Quick and easy to
perform

Analysis is limited to a
restricted number of

targets, normalization
relative to

housekeeping genes

Microarray medium Dependent to probe
design and density

Quick and easy
to perform

Probes can limit the
detection of novel

mutations

Droplet digital PCR high good
Absolute quantification,

ideal for low input
target concentration

Limited number of targets,
prior knowledge of

mutations is required

Next generation
sequencing high for detection of genetic

and epigenetic changes
Simultaneous profiling

of several genes
Specialized bioinformatic

approach

isoCirc very high
(for circRNAs)

reduced low-accuracy
defects

70-fold enrichment of
circRNA reads

compared with RNase
R-treated short-read

libraries High
reproducibility among

technical replicates

Specialized bioinformatic
approach

CIRI-long very high
(for circRNAs)

reduced low-accuracy
defects

mitochondrial
circRNAs detection

Specialized bioinformatic
approach

Cationic liposome
nanoparticle

biochips
very high

to distinguish cancer
cell-derived exosomal
miRNAs from normal
cell-derived exosomal

miRNAs

detection of
tumor-derived

exosomal microRNAs
with high specificity

and sensitivity

Specialized technical
procedures and

instruments

Another major issue in circulating RNA detection is the normalization of data. Internal
control helps to ensure data quality and reduce variation among sample. Housekeeping
genes are extensively used for normalization, although they do not represent very well
the circulating class of RNA molecules. Another limit of the described strategies is that
they are not able to discriminate RNA isolated from exosomes produced by tumor from
those by untransformed cells. Cationic liposome nanoparticle biochips represent a new
strategy that can overcome this issue [153]. Nanoparticles containing molecular beacons

https://github.com/Xinglab/isoCirc
https://ciri-cookbook.readthedocs.io/en/latest/CIRI-long_sequencing.html
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tethered on the surface of a gold-coated glass can trap the negative charged exosomes and
recognize specific surface substrates marking different types of exosomes. The main limit
of this method is the ability to perform a qualitative analysis of circRNA expression levels
in extracellular vesicles but not the quantitative analysis needed to understand the real
amounts of these circRNAs in exosomes.

In short, all stages of sample collection, preparation and RNA detection require stan-
dardized procedures for performing reliable prognostic and diagnostic analysis. Interindi-
vidual variability and tumor type also require consideration since race, gender and age,
together with genetic polymorphisms, could impact the level of circulating RNAs [154,155].

6. Conclusions

Circulating RNA molecules display great potential as cancer biomarkers and are
critically important for understanding disease-associated physio-pathological features
and cancer dynamics, opening opportunities in therapeutic targeting. In addition to the
valuable non-invasive nature of blood, urine and saliva sampling, liquid biopsies also
allow for serial sample collection at different time points relative to treatments or stage of
disease. These intrinsic properties guarantee an overall estimation of tumor characteristics,
supporting treatment decisions and allowing to monitor stepwise response to therapy.

Remarkably, circulating noncoding RNAs not only regulate the expression of genes
that control fundamental biological functions but also mediate cell-to-cell communication,
thus impacting gene expression in recipient cells and influencing the tumor microenvi-
ronment. Thus, they act similarly to soluble molecular messengers, such as cytokines,
chemokines and hormones, representing key molecules in the balance of the equilibrium of
tissue homeostasis and malignant transformation.

The literature reviewed herein supports the potential use of circulating noncoding
RNAs, in particular miRNAs, as both diagnostic and prognostic biomarkers. However,
despite encouraging results in the assessment of circulating RNAs in body fluids, the origin
and function of these RNAs in the extracellular environment remains poorly understood.
Moreover, studies with large cohorts of patients are absolutely required to validate their
use as reproducible diagnostic biomarkers. Lastly, technical advances to improve standard-
ization in sample preparation, quality assessment and quantification are urgently needed
to guarantee their adoption into clinical practice. This possibility opens the path to new
perspectives in the development of non-invasive markers for sarcoma pathogenesis.
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