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Abstract

Background: Primary bone sarcomas (BS) are aggressive malignant tumors characterized by a high
prevalence in children and adolescents and frequent lung metastasis, which significantly worsens the
prognosis. Early diagnosis of recurrence and metastases after treatment is crucial for improving
patient survival. Methods: This study examines exosomal microRNA as potential biomarkers for BS,
which is particularly relevant in light of the development of liquid biopsy methods, which offer a
noninvasive and dynamic approach to disease monitoring, early diagnosis, and evaluation of the
effectiveness of anticancer therapy. Plasma exosomal microRNA levels in the plasma of patients with
BS were analyzed before and after radical intraoperative thermal ablation in combination with
perioperative chemotherapy using quantitative PCR. Results: The results showed that miR-92a levels
were significantly different between clinically healthy donors and sarcoma patients, and after
therapy, there was a tendency for the level of this microRNA to decrease in exosomes, while for miR-
101, there was a tendency for the level to increase in exosomes after therapy. Conclusions: The
observed relationship between microRNA levels and treatment efficacy suggests that they hold
promise as noninvasive markers for the early diagnosis of relapses using liquid biopsy. Further
studies involving larger patient cohorts are needed to validate the findings and determine the clinical
significance of the proposed markers.

Keywords: exosomes; EVs; tumor-specific microRNAs; miR-92a; miR-101; liquid biopsy; primary
bone sarcomas

1. Introduction

Primary bone sarcomas (BS) are rare diseases, accounting for approximately 0.2% of all cancer
cases [1,2]. Osteosarcoma is the most common and aggressive primary bone tumor, most often
affecting the long tubular bones (femur, tibia, humerus) in adolescents [1,3]. Resistance to
chemotherapy and a high metastatic potential [4] characterize this disease. As results, despite
complex treatment (chemotherapy, radiation therapy, surgery), the average 5-year survival rate of
patients with osteosarcoma is approximately 68% and depends on the stage (74% for localized
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processes, 27% for metastases) [1,5]. Chondrosarcomas are tumors of cartilaginous tissue that occur
mainly in adults (40-75 years old), are characterized by heterogeneity and are characterized by a high
risk of metastasis to the lungs [2]. Survival rates for chondrosarcoma vary widely and depend on the
stage of the disease too (the 10-year survival rate for stage I (highly differentiated form) is 90%, while
for stage IV (dedifferentiated form with metastases) it is less than 10% [6,7]).

Monitoring the patient’s condition during and after treatment is crucial for timely adjustment of
therapy. Currently, both radiographic imaging methods (MRI, single-photon emission computed
tomography, SPECT-CT, X-ray examination) and histological analyses of patient biopsies are used
for this purpose in primary BS [8]. Despite the high level of development of instrumental and
laboratory methods, as well as the improvement of technical equipment in clinics, each of the
methods has disadvantages: limited visualization capabilities, high invasiveness, traumatic nature,
and the lack of immunohistochemical markers specific to this type of cancer [9]. Moreover, a serious
disadvantage of biopsy is that this method does not reflect tumor heterogeneity [10,11]. At the same
time, the undeniable advantage of “liquid biopsy” is its low invasiveness, the possibility of dynamic
monitoring of patients during the antitumor therapy, and the ability to capture the tumor’s
heterogeneous molecular profile [12]. Therefore, the search for tumor markers for liquid biopsy in BS
is a particularly pressing issue.

A promising source of tumor markers are exosomes— small extracellular vesicles (EVs)
measuring 30-150 nm, secreted by all cells of the body into the extracellular space [13,14]. Exosomes
ensure the stability of the transferred signaling molecules [15], thereby facilitating effective
intercellular communication. In malignant neoplasms, the number of secreted exosomes increases,
and their transfer of molecular cargo to other cells can be accompanied by a carcinogenesis-
stimulating effect [16,17]. Since exosomes contain biopolymers that reflect the composition of the
parent cell, these vesicles can be used as a source of tumor markers for liquid biopsy. In particular,
tumor-derived exosomes carry tumor-associated microRNAs [18,19]. It is known that microRNAs
can influence both oncogenes and tumor suppressor genes, influencing various aspects of tumor
occurrence, progression, and metastasis. Numerous studies have highlighted the high potential of
microRNAs as biomarkers for the diagnosis and prognosis of malignant neoplasms, as well as for
assessing the effectiveness of antitumor therapy [20,21]. However, research on the development of
microRNA panels for the diagnosis and assessment of the effectiveness of antitumor therapy for BS
is extremely limited [22,23].

2. Materials and Methods

2.1. Patients and Treatment

The study included 10 patients with primary BS (6 patients with osteosarcomas and 4 patients
with chondrosarcomas of varying degrees of malignancy, 5 men and 5 women) with tumor
localization in the long tubular bones of the extremities. The median age of the patients was 39 years,
mean age — 39.5 years (Table 1).

Criteria for inclusion of patients in the study: age over 18 years; primary bone sarcoma, T1-
3NOMO-1G1-3; sufficient amount of supporting tissue in the thermal ablation zone; the patient’s
ability to undergo all diagnostic manipulations; written informed consent of the patient.

Radiation therapy was not performed in the patients with BS. Blood samples from all enrolled
patients were collected before therapy. All patients received treatment in the form of radical
intraoperative thermal ablation in combination with perioperative chemotherapy according to ESMO
clinical guidelines [24]. Removal of the extraosseous component of the tumor was performed
according to indications. Thermal ablation was performed using the Phoenix-2 local hyperthermia
complex, which has a wide temperature range and allows for the creation of various therapeutic effect
modes (registration certificate of Roszdravnadzor No. RZN 20117/6236 dated 09/08/2017; declaration
of conformity ROSS RU D-RU.RA01.B.00486/23 dated 01/16/2023). To generate thermal waves, direct
current was used, which flowed through the heating element, forming a temperature from 45 to
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110°C, which allows the equipment to be used for both local hyperthermia and thermal ablation.
Temperature monitoring during thermal ablation was performed using a temperature sensor placed
in the bone marrow canal at the epicenter of the hyperthermic zone.

The anatomical structure and metabolic activity of bone tissue in the thermal ablation area, as
well as signs of recurrence and metastasis, were assessed using radiographic, computed tomography,
ultrasound, and single-photon emission computed tomography imaging of bone lesions with *=Tc-
pyrophosphate. The studies were performed dynamically before surgery and 9 months afterward.

The comparison group consisted of 14 healthy individuals (4 men and 10 women, median age
of patients was 44 years, mean age was 41.7 years), examined on an outpatient basis at the E.N.
Meshalkin National Medical Research Center.

The study was approved by the Ethics Committee of the Cancer Research Institute of the Tomsk
National Research Medical Center (protocol No. 3 dated January 18, 2023) and by the Ethics
Committee of the E.N. Meshalkin National Medical Research Center (protocol No. 3 dated September
17, 2024). Informed consent was obtained from all subjects involved in the study.

Table 1. General clinical characteristics of patients with BS.

BS Age Sex T N M G
Osteosarcoma 56 M 1 0 0 X
Osteosarcoma 26 F 2 0 1 3
Osteosarcoma 41 M 3 0 1 2
Osteosarcoma 18 M 1 0 0 1
Osteosarcoma 21 F 1 0 0 1
Osteosarcoma 36 M 2 0 1 2

Chondrosarcoma 60 M 2 0 0 X
Chondrosarcoma 43 F 3 0 0 2
Chondrosarcoma 37 F 3 0 0 2
Chondrosarcoma 57 F 3 0 0 3

2.2. Isolation and Characterization of Exosomes

Exosomes from blood plasma (from 9 mL of venous blood) from all individuals were isolated
using ultrafiltration with ultracentrifugation as described previously [16]. Exosome samples (in 250
uL of PBS) were aliquoted, frozen in liquid nitrogen and stored at —80°C. The aliquots were thawed
once before use.

Patient’s blood samples were collected before and 9 months after therapy.

The size and concentration of exosomes were determined by Nanoparticle tracking analysis
(NTA) using the NanoSight NS300 (Malvern, UK) as described previously [16].

Quantitative analysis of the exosomal tetraspanines on the surface of the isolated EVs was
carried out using flow cytometry as described previously [16]. Flow cytometry was performed on the
Cytoflex (Becman Coulter, BioBay, Jiangsu, China), using CytExpert 2.4 Software. The MFI of stained
exosomes was analyzed and compared to the isotype (BD bioscience, Heidelberg, Germany) and
negative controls.

2.3. Bioinformatic Analysis

The role of the tumor-associated microRNAs miR-101 and -92 selected for study in the BS
pathogenesis was determined using the DIANA database (https://dianalab.ece.uth.gr), which
contains information about microRNA target genes, as well as the processes and pathways in which
they participate (https://dianalab.ece.uth.gr). Interactions between proteins encoded by the target

genes were analyzed using the STRING database (https://string-db.org).

2.4. Evaluation of miRNA Concentrations
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Before the isolation of miRNA, samples of exosomes were thawed on ice and gently mixed. RNA
was isolated from exosomes, obtained from 3 mL of blood (for the analysis of three miRNAs) using
miRNA Isolation Kit (Biosilica, Russia) according to the manufacturer’s instructions, precipitated
with glycogen and isopropanol, and reconstituted in 35 uL of water [25]. The purity of isolated RNA
was determined by OD260/280 using a Nanodrop ND-1000 (Thermo Scientific, MA). The quality of
exosomal RNAs was evaluated using an “High Sensitivity RNA Kit” and an Agilent 2100
Bioanalyser™ (Agilent Technologies, Waldbronn, Germany) in SB RAS Genomics Core Facility
(ICBFM SB RAS, Russia).

Reverse transcription on microRNA templates was performed as described [25]. Samples
without RNA templates were used as negative controls.

Real-time PCR was carried out on the LightCycler 480 II detection system (Roche, Switzerland)
as described earlier [25]. All reactions were carried out in duplicate. The relative expression values of
target microRNAs were normalized to miR-16 and were calculated following the AACt method, as
described previously [25].

2.5. Statistics

Statistical analysis was performed using Statistica 10.0 software. Each data set was first tested
for a Gaussian distribution by using a Shapiro-Wilk normality test. All data were expressed as
medians with interquartile ranges or as means with standard errors. To evaluate the difference,
Mann-Whitney U test and Kruskal-Wallis test were used. Correlation analysis on data was carried
out with Spearman Rank Correlation test. p-values<.05 were considered to be statistically significant.

3. Results

3.1. Bioinformatic Analysis

It is known, that microRNAs involved in cancerogenesis are not specific to a single cancer type.
This is a problem of developing a highly specific diagnostic system, but it is an advantage for
developing a universal marker of anticancer therapy effectiveness. For this reason, we selected
tumor-associated microRNAs -92a and -101 based on literature data. It has been shown in various
cell models and clinical samples of tumors that these microRNAs are involved in epithelial-
mesenchymal transition (EMT), as well as in the regulation of apoptosis, proliferation and
angiogenesis, and are involved in cell migration and metastasis [26-30].

To identify the processes in which these microRNAs are involved, a bioinformatics analysis was
performed. Using the DIANA database (https://dianalab.e-ce.uth.gr/), genes regulated by the selected
microRNAs, as well as the processes in which they are involved, were identified. Among the many
metabolic pathways associated with the activity of microRNAs -92a and -101, the following were
selected for further analysis: carcinogenesis signaling pathways, the PI3K/Akt signaling pathway,
signaling pathways involving proteoglycans in cancer, as well as the pathways of synthesis, secretion,
and action of growth hormone. The last pathway was chosen due to the fact that numerous literary
data indicate the influence of growth factors on the development of osteogenic sarcomas [31]. This is
confirmed by the frequency of occurrence of this type of malignant neoplasms in adolescents during
active growth, as well as their location in the bone metaphysis [32]. As a result of bioinformatics
analysis, 10 genes involved in all the pathways under consideration were identified: AKT3, GRB2,
KRAS, MAP2K1, MAPK1, MAPK3, NRAS, PIK3CA, PTK2, RAF1 (Figure 1).
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Figure 1. Venn-Euler diagram showing the involvement of miRNA-regulated genes in the development of BS
(DIANA database).

Using STRING software (https://string-db.org/), a network of interactions between the proteins
encoded by these genes was constructed, and the processes in osteogenic tumor carcinogenesis in
which they are involved were demonstrated (Figure 2).
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Figure 2. The interactions of proteins coded by genes that are regulated by miR-92a and miR-101 (STRING
Database).

It was revealed that these proteins are involved in processes such as the regulation of cell
proliferation and motility, intercellular communication, osteoclast and osteoblast differentiation, and
the growth hormone receptor signaling cascade. The involvement of the analyzed proteins in the
cellular response to growth hormone is of great importance in the development of BS: it is known
that the number of IGF1 receptors can increase in osteosarcoma cells, and the growth hormone
signaling cascade directly influences the production of this protein [33]. Differentiation between
osteoclasts and osteoblasts is directly related to the development of osteogenic sarcomas.
Dysregulation of this process leads to the formation of tumors [34], and high osteoclast activity is
associated with an aggressive course of the disease [35].

Thus, bioinformatics analysis showed that tumor-associated microRNAs (miR-92a and miR-101)
selected from literature data are involved in the regulation of key processes in BS carcinogenesis and
are promising markers for the development of a method for assessing antitumor therapy.

3.2. Characterization of Exosomes
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Exosomes from BS patients and healthy individuals were isolated from blood using a
combination of ultrafiltration and ultracentrifugation. Nanoparticle trajectory analysis revealed that
the isolated vesicles were predominantly smaller than 120 nm and expressed classic exosomal
markers —tetraspanins CD63 and CD81, and the glycoprotein CD24 (Figure 3).
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Figure 3. Exosomes characterization by (a) NTA and (b) flow cytometry analysis. Expression of CD24 and CD81
on CD63-positive exosomes of blood plasma of BC patients and healthy donors. For flow cytometry
representative median fluorescence intensity (MFI) are shown. Each study is done in triplets. Controls included

isotype control (right) and negative control (left).

According to NTA analysis, the average concentration of circulating exosomes in patients with
BS and healthy individuals did not differ significantly and was 25.1+2.33x10% and 24.0+4.92x10°
EVs/ml of blood, respectively. The average EV size in healthy individuals was 95.3+11.1 nm, and in
cancer patients - 96.2+9.70 nm (Figure 3).

CD81 expression on CD63-positive exosomes from patients with BS was more than threefold
higher than that on exosomes from healthy donors, while CD24 expression on CD63-positive
exosomes was more than tenfold higher, which is a characteristic of these patients.

3.3. Expression of miR-92a and miR-101 in Exosomes from Plasma of Patients with Primary BS

To determine correlations between changes in the relative levels of miR-92a and miR-101 and
treatment efficacy, blood samples from patients with chondrosarcoma and osteosarcoma were
obtained before surgery with thermal ablation followed by chemotherapy, as well as 9 months after
radical thermal ablation. The average follow-up period was 24+5 months. No signs of disease
progression were detected during the follow-up period.

Bioanalyzer trace analysis revealed an abundant presence of RNA up to 150 nucleotides in size
in exosomes from all sources (Figure 4a,b).
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Figure 4. RNA content in exosomes. Size distribution of RNA extracted from pooled samples: (A) plasma
exosomes of healthy individuals, (B) plasma exosomes of patients with primary BS. The data from Agilent 2100
Bioanalyzer with 25 nt RNA fragment as an internal standard are shown. Quantification of exosomal miR-92a
(C) and miR-101 (D) from the blood plasma of healthy individuals and from the blood plasma of cancer patients.

Tukey box plots of exosomal miRNAs. The statistically significant p-values are indicated.

Quantification of miR-92a and miR-101 was performed using reverse transcription followed by
real-time PCR, based on the calculation of target RNA in exosomes per 1 ml of blood.

Since the miR-16-5p expression was stable and reproducible, it was chosen as an endogenous
control to normalize the miRNA expression [36,37]. For microRNAs, qRT-PCR assays with a working
range of 24-39 threshold cycles (Ct) of PCR were used. Non-template controls produced no signal or
were at least ten cycles away from the minimum detectable amount of specific template. All the
reported data were obtained using RNA samples that produced Ct values within the working range
of the systems. Data on the miRNA relative expression in exosomes from the blood plasma of healthy
individuals and patients with BS are presented in Figure 4c, d. It was shown that the level of miR-92a
and the level of miR-101 statistically significantly differ in the blood plasma exosomes of healthy
donors and primary cancer patients (p = 0.000001 and p = 0.0076, respectively). Moreover, the level of
microRNA after therapy changes in different directions: the expression of miR-92 significantly (p =
0.0257) decreases, while microRNA-101 significantly (p = 0.0257) increases (Figure 5. Since, according
to the literature, miR-101 is a microRNA that suppresses tumor development [38], the observed
tendency for the level of this microRNA to increase after thermal ablation surgery allows us to
consider miR-101 as a potential marker for assessing the effectiveness of therapy in patients with
bone and cartilage sarcomas. In addition, a trend towards a decrease in the level of carcinogenesis-
promoting miR-92a [17,39,40] was revealed after successful antitumor therapy.
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Figure 5. Dynamics of relative expression of miRNAs in blood plasma exosomes of BS patients before and after
anti-cancer therapy: a—miRNA-92a; b—miRNA-101.

4. Discussion

Primary BS are predominantly osteosarcomas and chondrosarcomas. Osteogenic sarcomas are
characterized by the development of resistance to chemotherapy [4], while chondrosarcomas are
characterized by chemo- and radioresistance [41]. For these reasons, methods for increasing the
sensitization of tumor cells to radiation therapy, such as hyperthermia [42], have come into
widespread use. Hyperthermia involves local heating of the tumor to 41-42°C, which increases its
sensitivity to radiation and chemotherapy [43]. Thermal ablation, local heating of tumor tissue to
temperatures above 50°C in order to initiate apoptosis of tumor cells, is proposed as a more effective
component of the complex treatment of sarcomas [44]. According to research, thermal ablation may
also be an effective method for treating bone metastases [45]. There are several types of thermal
ablation that use different energy sources to heat tissue: microwave ablation, radiofrequency ablation,
laser thermal ablation, and ultrasound ablation. The first two options are the most common in clinical
practice [46]. These types of therapy are minimally invasive, minimally traumatic, do not require a
long period of patient rehabilitation after surgery, and are also an alternative to surgical intervention
with the possibility of dynamic procedure monitoring using CT [47].

Exosomes, key players in intercellular communication, not only reflect the tumor’s molecular
profile but also play a crucial role in metastasis, the development of therapeutic resistance, and
immunosuppression [13,48,49]. Their stability in biological fluids and ability to transport a variety of
molecules, including microRNAs, make them a valuable tool for dynamic disease monitoring.
Identifying tumor-associated microRNAs within the molecular cargo of exosomes will enable the
development of panels for assessing the effectiveness of therapy using liquid biopsy. Some of the
promising RNA markers may be miR-92a and miR-101. It has been shown that miR-101 has an
inhibitory effect on the proliferation, invasion, and metastasis of osteosarcoma, and a low level of this
microRNA in the blood serum of patients is associated with late stages of the disease and metastases
in osteosarcoma [38,50-52]. In addition, studies on cell lines and biological materials of patients with
osteosarcoma have shown an association of miR-92a with an unfavorable prognosis, and a positive
effect of this microRNA on the proliferation, metastasis, and invasion of cells mimicking
osteosarcoma has also been revealed [53-55].

Since cell-free RNA is not protected from hydrolysis by blood nucleases, analyzing microRNAs
within membrane vesicles—exosomes—seems more promising. This hypothesis was successfully
confirmed by assessing the levels of tumor-associated microRNAs in exosomes from patients with
primary BS before and after radical thermal ablation. However, implementing liquid biopsy into
routine clinical practice requires addressing a number of methodological issues, including
standardizing extraction methods, analysis, and data interpretation. Further research should be
aimed at validating existing biomarkers, developing standardized protocols, and evaluating their
clinical efficacy in large cohort studies.
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5. Conclusions

This study demonstrated that exosomal miR-92a and miR-101 levels undergo changes
postoperatively in patients with osteosarcoma and chondrosarcoma. The observed relationship
between the expression of these microRNAs and patient outcomes suggests their potential as
noninvasive monitoring markers for anti-tumor therapy by liquid biopsy. This approach, particularly
valuable for patients with BS, opens up opportunities for early diagnosis of recurrence and
assessment of treatment efficacy. Further studies, including larger patient cohorts and expanded
microRNA analysis, are needed to validate the findings and determine the clinical significance of
these proposed markers.
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