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Abstract. Osteosarcoma  (OS) is a bone tumor of mesen-
chymal origin, most frequently occurring during the rapid 
growth phase of long bones, and usually located in the 
epiphyseal growth plates of the femur or the tibia. Its most 
common feature is genome disorganization, aneuploidy with 
chromosomal alterations, deregulation of tumor suppressor 
genes and of the cell cycle, and an absence of DNA repair. This 
suggests the involvement of surveillance failures, DNA repair 
or apoptosis control during osteogenesis, allowing the survival 
of cells which have undergone alterations during differentia-
tion. Epigenetic events, including DNA methylation, histone 
modifications, nucleosome remodeling and expression of 
non‑coding RNAs have been identified as possible risk factors 
for the tumor. It has been reported that p53 target genes or those 
genes that have their activity modulated by p53, in addition to 
other tumor suppressor genes, are silenced in OS‑derived cell 
lines by hypermethylation of their promoters. In osteogenesis, 
osteoblasts are formed from pluripotent mesenchymal cells, 
with potential for self‑renewal, proliferation and differentia-
tion into various cell types. This involves complex signaling 
pathways and multiple factors. Any disturbance in this process 
can cause deregulation of the differentiation and proliferation 
of these cells, leading to the malignant phenotype. Therefore, 
the origin of OS seems to be multifactorial, involving the 
deregulation of differentiation of mesenchymal cells and 

tumor suppressor genes, activation of oncogenes, epigenetic 
events and the production of cytokines.
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1. Introduction

Osteosarcoma (OS) is a tumor characterized by the presence of 
malignant mesenchymal cells produced in the bone stroma (1). 
The incidence of this tumor in the general population is 
2‑3 cases/million/year, and it is higher in adolescence, when the 
annual incidence peaks vary from 8‑11/million/year. Among 
adolescents age group of 10‑19 years, it represents 15% of all 
extracranial tumors, being 1.4 times more frequent in men than 
in women (2,3). A second peak of OS in adults over 65 years 
of age has been reported, but it is likely to represent a second 
malignancy, often related to Paget's disease (4). In general, OS 
is most commonly characterized by an appendicular primary 
tumor with a high rate of metastasis to the lungs, which usually 
appears during the first or second decade of life (5,6).

Different studies point to pre‑osteoblasts and osteoblasts 
being the cells which give rise to tumors (7,8). As an important 
component of the tumor microenvironment, mesenchymal stem 
cells (MSCs) appear to play an important role in mediating 
and proliferation in many cancers, including OS. The tumor 
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microenvironment exerts different effects on virgin MSCs, in 
which some cytokines such as SDF‑1, MIF, and TGF‑β recruit 
these cells to the tumor site, where they are stimulated by the 
paracrine network and undergo a series of functional trans-
formations. The action of INF‑γ, TNF‑α and IL‑1α strengthen 
the growth‑promoting effects of MSCs, while INF‑γ, TNF‑α 
and TGF‑β enhance the ability of MSCs to promote tumor 
metastases. In addition, MSCs may differentiate into associ-
ated fibroblasts to cancer under the stimulation of TGF‑β (9).

MSCs first differentiate into chondrocytes during the 
endochondral bone formation process until adolescence, which 
generate new cartilage in GP and after are slowly replaced by 
osteogenic progenitor cells and osteoblasts to produce bone (10). 
Interestingly, the p53 cellular protein acts as a negative regu-
lator of osteoblastogenesis under normal conditions, repressing 
transcription factor such as Osterix and Runx2 (11), which are 
required in the initial osteogenesis phase in osteoprogenitor 
cells (12,13). However, Runx2 may act by inhibiting the function 
of p53 in activating apoptosis by inducing c‑MYC transcription 
by histone modifications (14). This explains the highly elevated 
Runx2 expression levels in OS cells. While, Runx2 may have 
dual role as a tumor suppressive and as oncoprotein, depending 
on its cellular levels and context, and its regulation (15).

MSCs represent a source of osteogenic progenitor precursor 
cells which give rise to osteoblasts. Thus, mutations in the 
TP53 gene of these cells can lead to defects in controlling cell 
growth, increasing the risk of developing OS (16).

However, the occurrence of mutations is not the most 
common event in this type of tumor. Rather, it is best charac-
terized by deregulation of the expression of tumor suppressor 
genes such as retinoblastoma (RB1) and TP53, aneuploidy, 
chromosome structure disruption and uncontrolled cell 
cycles  (17,18). This suggests the possibility of a defect in 
surveillance or DNA repair mechanisms as one of the possible 
causes of the tumor's genesis (6).

Epigenetic events are also identified as risk factors for OS, 
since the DNA methylation pattern of specific genes or gene 
regions and histone modifications may be involved in tumor 
development (19). In addition, the methylation levels and silencing 
of gene encoding tumor suppressor micro‑RNAs (miRs) have 
been described as specific events in human OS cell lines (20). 
The overexpression of the IGF2 growth factor and of the IRX1 
gene mediated by the hypomethylation of its promoters has also 
been reported as an inducer of metastasis in this tumor (21,22).

Bone tissue is highly specialized and has many important 
signaling pathways to its homeostasis which require crosstalk 
between bone and immune cells performed by chemical 
mediators such as cytokines. This is evidenced by the fact that 
osteoclast formation requires the receptor activator of nuclear 
factor kappa‑B (RANKL) and of macrophage colony‑stim-
ulating factor (M‑CSF). In turn, RANKL is produced by 
osteoblast and activated T cells to regulate osteoclast differ-
entiation, at the same time M‑CSF is produced by immune 
cells and stimulates the expression of RANKL by osteoclast 
precursor cells such as monocytes and macrophages. In addi-
tion, other factors secreted by immune cells may promote or 
suppress the formation of osteoclasts. This shows the existence 
of a complex network of communication between cells trig-
gering the immunomodulatory mechanism which may play an 
important role in tumor development (23).

In this review we present some recent advances on the 
biology and pathogenesis of OS, with emphasis on the prob-
able mechanisms involved in its initiation and progression. The 
literature search was conducted using the PubMed (National 
Institutes of Health; ww.ncbi.nlm.nih.gov/pubmed), Scopus 
(Elsevier; www.scopus.com/scopus/home.url), and Web of 
Knowledge (Thomson Reuters; wok.mimas.ac.uk) electronic 
databases using the following keywords: osteosarcoma, osteo‑
sarcoma biology, osteosarcoma pathogenesis, osteosarcoma 
signaling pathways, osteosarcoma genetics, osteosarcoma 
epigenetic, and cytokine profile in osteosarcoma. Several 
hundred articles were found in the surveyed databases, however 
only those which were considered most relevant which had 
been published in impact journals and were conducted by 
groups with recognized knowledge in the area were selected.

2. Biology of human OS

OS is a tumor that is most frequent in the rapid growth phase 
of the long bones which occurs during puberty. More than 
50% of the cases have origin in the epiphyseal GP of the distal 
femur and proximal tibia where the bone growth develops, 
being responsible for much of the height increase which occurs 
during adolescence (4).

Among the possible mechanisms that contribute to OS 
development are alterations in the differentiation pathway of 
MSCs in mature osteoblasts  (24). Furthermore, abnormal 
expression of oncogenes and of tumor suppressor genes trig-
gered by genetic and epigenetic events lead to deregulation of 
important cell signaling pathways, thereby creating a favor-
able environment to malignant transformation (25,26). This 
is because there is a greater bone turnover during the growth 
phase, and so the possibility for defects to occur in the differ-
entiation process and in the signaling pathways is amplified (4).

MSCs of the bone marrow stroma are undifferentiated cells 
with potential for self‑renewal, proliferation, and differentia-
tion for bone, muscle, tendon, and fat formation (27). Many 
endogenous and exogenous factors are involved in the osteo-
genesis process to form osteoblasts by the osteogenic pathway 
which leads to the differentiation of MSCs into osteoblasts. 
Deregulation of these factors, or exposure to new non‑native 
stimuli such as pro‑inflammatory cytokines and pro‑tumor, 
may cause an imbalance between cell differentiation and 
proliferation, contributing to a malignant phenotype (28,29). 
As main component of the tumor microenvironment, MSCs 
can mediate cellular proliferation and metastasis, as well as 
drug resistance in OS (9).

Current knowledge indicates that OS exhibit a wide range 
of genetic, epigenetic, and molecular changes, including gains, 
losses, or arrangements of chromosomal regions; inactivation 
of tumor suppressor genes; and deregulation of cell signaling 
pathways (17). Each of the mechanisms mentioned above will 
be presented with more detail in the following sections.

3. Role of differentiation of mesenchymal stem cells

The main function of MSCs is self‑renewal which requires a 
multi or pluripotency state, remaining undifferentiated and 
proliferative to maintain homeostasis during the develop-
ment phase or even throughout life in order to maintain body 
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homeostasis or make repairs. Such properties are in many 
ways analogous to those of cancer cells, since the unlim-
ited potential for proliferation, also known as immortality, 
is the most striking feature of malignant tumors  (30). In 
addition, stemness maintenance is achieved by restricting the 
differentiation, apoptosis, and cellular senescence, which are 
also characteristic of transformed cells (31).

MSCs are present in many human organs and comprise 
a heterogeneous population of self‑renewing cells, and their 
morphology, immunophenotype, and differentiation potential 
depend on their tissue origin. Specific populations of the 
stroma maintain the regeneration process of the tissue where 
they reside, but some of them have much greater plasticity 
and differ across multiple cell lineages. Thus, MSCs not only 
contribute to the structural repair of tissues, but also possess 
strong immunomodulatory and anti‑inflammatory properties 
and can influence tissue repair through modulation of the local 
environment (32).

In a parallel, functional and phenotypic analyses of normal 
MSCs and MSCs derived from OS were performed to evaluate 
the pre‑malignant stages of the tumor in a murine MSC system 
in which tumor development was demonstrated after grafting of 
transformed MSCs. This is substantial evidence to support the 
hypothesis that this tumor originates from MSCs. Analysis of 
different passages of MSCs using COBRA‑FISH karyotyping 
and CGH array revealed the occurrence of aneuploidization, 
translocations, and homozygous loss of CDKN2 region of the 
genome these cells, in which encoding cyclin‑2A dependent 
kinase inhibitor is a mediator of malignant transformation of 
MSCs. Interestingly, the expression of the CDKN2 gene product, 
the p16 protein, was reduced in the samples of 88 patients with 
OS, confirming the results obtained by the murine system (33).

In another study was found that that the SOX5 gene, 
which encodes a family of transcription factors involved in 
regulating embryonic development and which determines the 
destination of cells, is significantly expressed in OS tissue 
and in cell line‑derived tumor. In addition, the expression of 
SOX5 promoted epithelial‑mesenchymal transition (EMT) and 
increased migration and invasion of tumor cells (34).

A recent study involving crosstalk between OS cells 
and MSCs, mediated by extracellular vesicles (EVs) which 
play an important role in initiating and progressing cancer, 
showed strong evidence of MSCs participating in the origin 
of OS. MSCs and pre‑osteoblasts were treated with OS‑EVs 
at different times, and their epigenetic signature was evaluated 
through of methylation analysis of LINE‑1 (long interleaved 
element) and tumor suppressor genes. This shows that OS‑EVs 
mediate LINE‑1 hypomethylation in MSCs and LINE‑1 hyper 
methylation in the pre‑osteoblasts, indicating that MSCs, but 
not pre‑osteoblasts, are susceptible to epigenetic transforma-
tion. Thus, OS‑EVs modulate the fate of MSCs, regulating 
epigenetic status and influencing gene expression related 
to bone microenvironment remodeling. This suggests that 
epigenetic regulation appears to be an early event in trans-
forming MSCs during OS development (35).

4. Role of DNA changes

The TP53 gene plays a critical role in the regulation of both 
the cell cycle and apoptosis, and its product (the p53 protein) 

is synthesized in response to stress situations due to tensions 
such as DNA damage, hypoxia, and oncogene activation. This 
gene frequently undergoes negative selection during tumori-
genic transformation. Mutations in the TP53 gene in response 
to DNA damage can promote uncontrolled cell cycles, inhibit 
senescence and cell death by apoptosis, thereby increasing the 
genomic instability. This leads to an accumulation of muta-
tions and cell survival, in turn increasing the risk of malignant 
transformation, including OS development (36).

The occurrence of mutation in OS was investigated in 
a study in which the whole‑exome and RNA‑sequencing 
of 59 tumor/normal pairs of samples revealed that only the 
TP53 tumor suppressor gene showed mutation with significant 
frequency in all the samples. The mean non‑silent somatic 
mutation rate was 1.2 mutations per mega base with a median 
of 230 somatic rearrangements per tumor. There was great 
genetic intratumor heterogeneity, with the presence of complex 
chains of rearrangements and hypermutation in almost all 
cases (37,38).

Tumor analysis by multiregional whole‑exome and 
whole‑genome sequencing in 86  tumor regions from 
10  patients with OS revealed an evolutionary genomic 
disparity between primary OS and its pulmonary metastases, 
where the metastases exhibited a higher mutational load and 
genomic instability compared to the primary tumor. The 
mutated genes were enriched in the PI3K‑Akt pathway at both 
the early and late stages of tumor evolution and in the MAPK 
pathway in the metastatic stage. However, metastases showed 
improved immunogenicity, including increased neoantigen 
loading, and also improved PD‑L1 expression, an immu-
noglobulin superfamily gene, and having more infiltrating 
lymphocytes compared to the primary tumor. This suggests 
that metastases should be treated separately from their 
original tumors by means of personalized metastasis therapy, 
which requires real‑time genetic analysis after pulmonary 
metastasis (39).

Silent mutations in the TP53 and/or RB1 genes have been 
reported to be the leading cause of sporadic development of 
OS (11). In vitro and in vivo study comparing MSCs with OS 
malignant cells directed to the TP53 and RB1 using transgenic 
mice with these silenced genes in its MSCs showed that by 
only excluding TP53, the OS incidence could reach 60% of 
cases (40). It has been shown that p53 act as a guardian of the 
osteogenic differentiation of MSCs into myogenic, adipogenic, 
hematopoietic and neural adult cells (11).

Different studies point the pre‑osteoblasts and osteoblasts 
as cells which give rise to OS  (8,41), suggesting that the 
cellular microenvironment is critical in determining the fate of 
MSCs in tumor formation (10). The osteogenic differentiation 
of MSCs with defective or mutant p53 may affect signaling 
and its microenvironment, and possibly contribute to tumor 
initiation (11).

As MSCs represent the source of osteogenic progenitor 
cells and osteoblasts, thus mutations in TP53 gene of these 
cells play a decisive role in proliferation, compromising the 
maturation, negatively regulating their differentiation, and 
interfering with cell processes such as ontogenesis (11). This 
is due to the reduced expression of key genes encoding tran-
scription factors involved in the early stages of osteogenic 
differentiation, including Runx2 and Osterix (14,42). Under 
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normal conditions, Runx2 and Osterix expression is strictly 
regulated during osteogenic differentiation of progenitor 
cells into osteoblasts and osteocytes, ensuring balanced bone 
remodeling. In vitro silencing of the TP53 gene in embryonic 
mouse fibroblasts induces increased Osterix and Runx2 
expression levels in MSCs. This compromises the differentia-
tion of osteoblasts in mature osteocytes, causing damage to 
bone remodeling, resulting in the osteosclerotic phenotype 
observed in p53‑deficient mice (11,42).

It has been demonstrated that p53 not only regulates the 
genomic stability of MSCs, but also regulates the cell differen-
tiation program including osteogenesis and bone remodeling 
to prevent the onset of bone tumor. The absence of the p53 
function in the regulation of the differentiation of MSCs in 
osteoblasts due to mutational events or silencing can start the 
tumor as a result of changes in osteogenesis, bone homeostasis, 
and bone remodeling (11,40).

OS is a heterogeneous tumor containing cells at various 
stages of differentiation during ontogenesis (7). Thus, it was 
proposed that mutation in TP53 gene may affect osteogenic 
differentiation of MSCs and significantly contribute to tumor 
onset by the following mechanisms:   (1) Stop acting as a 
transcription factor, suppressing multipotent progenitor cell 
differentiation to mediate early osteogenic differentiation (2) 
promoting genomic instability and uncontrolled proliferation 
of MSCs; and (3) deregulating the immune activity of MSCs, 
increasing the secretion of growth factors and chemokines. 
This suggests an important role for p53 function defects in OS 
development. Evidence of this is that the osteosclerotic condi-
tion imposes the OS phenotype in p53‑deficient mice (11).

It has been reported that frizzled‑related secreted protein 2 
(SFRP2) has an oncogenic role in OS development associated 
with TP53 gene mutation, and that the high expression of this 
protein correlates with poor prognosis of OS patients (43). 
Thus, induced pluripotent stem cells (iPSCs) obtained from 
patients with Li‑Fraumeni syndrome that have mutations of 
the TP53 germline were used to analyze the role of SFRP2 in 
OS. It has been found that ectopic SFRP2 overexpression in 
normal osteoblast precursors containing TP53 gene mutation 
is enough to suppress normal osteoblast differentiation and 
promote OS phenotypes by inducing oncogenic molecules 
such as FOXM1 and CYR61, independently of β‑catenin. 
On the other hand, inhibition of SFRP2, FOXM1 or CYR61 
suppresses the tumorigenic process. This demonstrates that 
the oncogenic role of SFRP2 in OS development is due to its 
ability to induce oncogenic molecules such as FOXM1 and 
CYR61 in the presence of mutations in the TP53 gene (44).

A dominant subclone was identified in samples from 
patients with successive recurrences after sequencing the 
exome and germ cell DNA from cells collected from a 
patient with chemoresistent and metastatic OS over 3 years 
at 3 different times and after comparing allele frequencies of 
the different samples. This clone presented two remarkable 
features, consisting in a novel translocation in TP53‑KPNA3 
allele and the loss of the wild‑type TP53 allele. Lastly, a 
meta‑analysis study which included 8 publications covering 
210 patients with OS evaluated the effect of the mutations in 
TP53 gene and concluded that mutations in this gene were 
associated with smaller 2‑year overall survival of patients. The 
data show that mutations in TP53 gene have one unfavorable 

impact on the 2‑year overall survival when compared to the 
wild type (45).

5. Role of deregulating the expression of tumor suppressor 
genes

Among the tumor suppressor genes includes WWOX, whose 
function is suppressed or attenuated in most human tumors. In 
a Wwox‑deficient mice model it was demonstrated that these 
animals developed OS and a bone metabolic disorder charac-
terized by hypocalcemia and osteopenia. In addition, deletion 
of the WWOX gene was found in 30% of OS and the protein 
product of this gene was absent or reduced in about 60% of the 
tumors. It has been found that the tumor suppressor function of 
WWOX is exerted through its binding to RUNX2, suppressing its 
transcriptional activity in osteoblasts and tumor cells. Thus, the 
negative regulation of WWOX results in the maintenance of the 
RUNX2 activity, creating a conducive environment to the devel-
opment of OS since low levels of WWOX expression increase 
proliferation, migration, and invasion of tumor cells (46,47).

The RB1 gene encoding the retinoblastoma protein (pRB) 
plays a critical role in regulating the transition from the 
G1 phase to the S phase of the cell cycle. In the absence of 
mitogenic stimuli, pRB remains hypophosphorylated and 
bound to E2F, a transcription factor, which prevents the pRB 
action on the cell cycle progression, leading to a cycle stop 
in G1 (48). This function is reversed by phosphorylation of 
pRB by the cyclin‑dependent kinase 4 (CDK4) during normal 
mitosis, which results in the release of E2F, leading to cell 
cycle progression. The absence of cell cycle arrest in G1 due 
to mutations or RB1 silencing removes this cell cycle control 
point, preventing the repair of DNA damage, and causing 
genomic instability (49).

The CDKN2A gene codes two products through alterna-
tive splicing which are functionally and structurally distinct 
(p16INK4a and p14ARF). The p16INK4a is a negative regu-
lator of CDK4 and therefore the gift of its function leads to 
an increase in CDK4 expression, which results in inactivating 
the pRB function in cell cycle arrest (50). Thus, mutations or 
silencing of the CDKN2A gene may lead to inactivation of the 
pRB function. Curiously, control losses in the cell cycle caused 
by the loss of pRB function are reported in most OS cases (18). 
The p14ARF protein normally acts by removing the ubiquitin 
E3 MDM2 ligase from the nucleolus, preventing its degradation 
action of p53 (51). Since p14ARF is expressed from the same 
locus of CDKN2A encoding p16INK4a, its function in pathway 
p53 is like that of p16INK4a in the pRB pathway, disrupting the 
cell cycle. Thus, mutations or silencing by methylation of the 
CDKN2A gene also alter p14ARF function and have repercus-
sions on the p53 pathway, promoting cell cycle dysregulation, 
leading to genomic instability. Mutations affecting p53 func-
tion have been described in most OS cases (Fig. 1) (18,49).

A recent study showed that functional genetic single‑nucle-
otide polymorphisms in the CDKN2 gene, locus A and B 
(CDKN2A/B) predict susceptibility to and prognosis of OS in 
Chinese individuals. The GA and AA genotypes of rs3217992 
in CDKN2A/B are related to increased risk of tumor, and the 
GA and AA genotypes of rs3217992 in CDKN2A correlate 
with higher stage and higher risk of pulmonary metastasis and 
poor prognosis (52).
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6. Regulation of oncogene expression

Like what occurs with other tumors, the abnormal activity of 
oncogenes and tumor suppressor genes is described as a key 
molecular event underlying the development of OS (25). The 
MDM2 oncogene whose activity may be dependent or indepen-
dent of p53 presented frequently increased expression levels 
in a variety of human tumors, since it significantly impacts 
the p53 functions and consequently tumorigenesis (51). The 
product of this gene (the Mdm2 protein) is one of the major 
negative regulators of p53 as it performs E3 ubiquitin ligase 
activity which promotes inactivation of p53 function by its 
degradation. Under normal conditions, Mdm2 suppresses 
p53 activity to allow cell cycle continuity, but under stress 
conditions it remains active and promotes cell cycle arrest for 
correcting possible damage to DNA (53). Overexpression or 
amplification of the MDM2 locus is detected in OS (54).

The c‑Myc oncogene stands out as one of the most 
studied and whose role in OS pathogenesis is best under-
stood. Moreover, it is found to be overexpressed in more than 
10% of cases of the disease, being correlated with increased 
recurrence and tumor invasiveness due to the activation of 
the MEK‑ERK pathway, leading to the reduction of apoptotic 
potential in tumor cells (55). Studies show that inhibition of 
c‑Myc activity results in decreased proliferation, invasion, and 
viability of the tumor cells (55,56).

The c‑Myc oncogene is significantly overregulated in meta-
static OS samples and the high expression of this oncogene is 
associated with poor survival of OS patients. Treatment of OS 
cells with super enhancer inhibitors THZ1 and JQ1 effectively 
suppresses OS cell proliferation, migration and invasion (57).

On the other hand, c‑Fos is another oncogene which 
has been found to upregulate in OS cells, being related to a 
higher rate of tumor metastasis (26). The expression of c‑Fos 
and of Wnt2, a protein implicated in cell oncogenesis and 
its Fzd9 receptor, was evaluated in OS tissue, tumor‑derived 
MG63 cells and in osteoblasts to investigate the role of c‑Fos 
in OS. MG63 cells were treated with small interference RNA 
to knockdown c‑Fos, aiming to confirm the relationship of 
c‑Fos with Wnt2/Fzd9. The expression of c‑Fos, Wnt2 and 
Fzd9 was found to be markedly higher in OS tissues than in 
adjacent non‑cancerous tissues, and their expression in MG63 
was markedly increased compared to osteoblasts. c‑Fos 
knockdown inhibited MG63 cell proliferation, migration and 
invasion, and promoted MG63 cell apoptosis. In addition, 
c‑Fos knockdown inhibited mRNA and protein expression 
of Wnt2 and Fzd9. This indicates that the c‑Fos action in OS 
development is done by activating expression of Wnt2 and its 
Fzd9 receptor (58).

TRIM14 is upregulated in OS samples and cell lines 
derived from this tumor. Overexpression of TRIM14 
increases tumor cell proliferation, cell cycle progression, 

Figure 1. Epigenetic events which may contribute to the initiation and progression of OS. Target genes or those which have p53‑modulated activities, including 
GDKN1A, HIC, GADD45, RASSF1A, TIMP3 and DAPK1, are silenced when hypermethylated. An inverse situation occurs with SEMA4D, RAF1 and PAK1 
genes when they are hypomethylated which results in overexpression. However, both conditions may equally favor the development of OS. Silencing by hyper-
methylation of the RASSF1A gene leads to overexpression of the MDM2 gene, whose product promotes p53 degradation, which in turn results in uncontrolled 
cell cycle and absence of DNA repair and apoptosis inhibition. The hypomethylation of the IRX1 gene promotes activation of the CXCL14/NFkB signaling 
pathway, whereas the activation of the cMyc and PI3/Akt signaling pathways results in suppression of the GADD45 gene encoding the 5‑hmC production, 
impeding the demethylation of other genes, which also favors tumor development. Mutation or methylation of the CDKN2A gene reduces the production of 
p16INK4a, which leads to overexpression of CDK4 and inactivation of pRB. It can also reduce the production of p14INK4a, which in turn suppresses p14ARF, 
resulting in high Mdm2 levels which degrades p53. Both mechanisms result in an uncontrolled cell cycle, lack of DNA repair and apoptosis inhibition, favoring 
tumor initiation and progression. OS, osteosarcoma.
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migration and invasion in vitro and promotes tumor growth 
in vivo. Moreover, TRIM14 overexpression is correlated with 
tumor progression and low patient survival time. On the 
other hand, silencing TRIM14 has the opposite effects. In 
addition, TRIM14 overexpression induced activation of the 
AKT pathway, while inhibition of AKT expression reversed 
TRIM14‑mediated effects on cell growth and mobility, as 
well as epithelial‑mesenchymal transition. This indicates that 
TRIM14 functions as an oncogene in OS, positively regulating 
the AKT signaling pathway (59).

7. Role of epigenetic mechanisms

Epigenetics comprises a set of biological phenomena triggered 
by environmental factors which promote gene expression 
regulation at the transcription level through chemical 
modifications in the DNA, such as changes in the pattern of 
methylation, acetylation, phosphorylation, stable chromatin 
modifications, and of histones, in addition to nucleosome 
remodeling and Non‑coding RNAs (60,61). These epigenetic 
modifications occur in key oncogenes, tumor suppressor 
genes, and transcription factors, leading to cancer initiation 
and progression (61). Such events may result in alterations in 
the expression or silencing of genes and of miRs which result 
in the phenotypic change of the individual without altera-
tions in the DNA sequence (62). Such events are crucial for 
the development and normal differentiation of different cell 
lines in the adult individual (63). Unlike the genetic alterations 
which are irreversible, the epigenetic changes are reversible, 
allowing us to intervene to reverse the malignant characteristic 
of a population of cells, returning it to its normal status (19). 
These chemical modifications in DNA are constantly made 
and undone throughout the life of the individual, since he or 
she often encounters agents which promote these phenomena 
throughout their lives (6). Like what occurs with other types of 
human cancers, the initiation and progression of OS can be trig-
gered by genetic and epigenetic events that alter the behavior 
pattern of cells, altering gene expression and/or signaling path-
ways, which can contribute to malignant transformation (19). 
Although it exhibits a wide range of genetic and molecular 
changes, including gains, losses, or rearrangements of chromo-
somal regions, the more recent knowledge suggests that OS is 
a disease caused by epigenetic alterations which interrupt the 
osteoblastic differentiation of MSCs (17). Epigenetic studies 
have shown extensive reprogramming of each component of 
the epigenetic machinery of the tumor cells including DNA 
methylation, histone modifications, nucleosome positioning, 
and miRs expression (19).

As with other human cancers, OS appears to contain many 
of these epigenome changes compared to normal osteoblasts, 
the presumed target cell for transformation. Some studies 
have analyzed the epigenome‑like shape of this tumor, albeit 
with a low number of cases (64,65). The results confirm the 
existence of specific heterogeneous methylation events among 
the different types of human OS and that these differences 
may help explain the differences in the clinical behavior of 
subtypes of this tumor (66).

It has recently been observed that the crosstalk between 
MSCs and extracellular vesicle‑mediated OS cells can influence 
the epigenetic signature of cells through the methylation of 

transposable elements such as LINE‑1 and tumor suppressor 
genes, modulating the fate of mesenchymal stem cells and the 
epigenetic status of these cells by altering gene expression related 
to bone turnover (35). Global changes in epigenetic patterns are 
a hallmark of cancer, as disturbances in epigenetic processes can 
lead to altered genetic function and malignant transformation of 
the cell. The initiation and progression of cancer, traditionally 
considered as a genetic disease, is now understood as a complex 
process involving epigenetic abnormalities along with genetic 
alterations. A better understanding of epigenetic mechanisms 
in the development of cancer and the role of some of these 
components in relation to OS is discussed below.

DNA methylation. DNA methylation is a chemical change 
involving the addition of a methyl group to the cytosine DNA 
nucleotides which typically occurs in CpG dinucleotides not 
randomly distributed in the genome that represents an impor-
tant epigenetic mechanism used for the prolonged silencing 
of gene expression (67). The human genome contains long 
stretches of CpG islands, with unusually elevated levels of 
CpG dinucleotides, concentrated in the promoters of the genes. 
In general, the CpG islands of normal gene promoters are not 
methylated and they are normally expressed (68).

The methylation pattern of a given mammal is established 
during its development and is normally maintained throughout 
life, being regulated by the enzymes DNA methyltransferase 
(DNMT) and demethylase. Changes in the expected pattern 
of methylation by either hypomethylation or hypermethylation 
can lead to genomic instability and trigger tumorigenesis (69).

There are three classes of DNMTs in eukaryotes (Dnmt1, 
Dnmt2, Dnmt3a/Dnmt3b) (70). DNMT1 is the most important 
and responsible for maintaining DNA methylation levels, 
while DNMT3a/DNMT3b is involved in methylation again, 
being responsible for establishing DNA methylation patterns 
during embryogenesis and setting up genomic imprints during 
germ cell development (71). Although DNMT2 is not currently 
considered to be a DNA methylase, this enzyme methylates 
small transfer RNAs (tRNAs) (72).

Changes in the expected pattern of methylation are it for 
hypomethylation or hypermethylation can lead to genomic 
instability and trigger tumorigenesis or maintain the malig-
nant state of cancer cells. Hypermethylation of the promoter 
of a gene is responsible for its transcriptional inactivation, a 
common event in cancers. The silencing or activation of genes 
mediated by aberrant DNA methylation, can affect almost all 
cell signaling pathways, including those of DNA repair, cell 
cycle regulation, promotion of apoptosis or control of signaling 
networks relevant to tumor development (73).

Methylation as the consequent silencing of tumor 
suppressor genes has been reported in OS. Although RB and 
TP53 genes are not frequent targets of silencing by methyla-
tion, changes in pRB and p53 pathways have been pointed as 
pathogenic methylation targets, specifically the CDKN2A 
locus, which encodes the cyclin‑dependent kinase inhibitor, 
p16INK4a, and the inhibitor of Mdm2, p14ARF (7). Several 
gene targets of p53, or which have its p53‑modulated activity, 
have been found in the methylated form and silenced on 
OS or xenograft cell lines, including CDKN1A, HIC1 and 
GADD45  (74). In addition, many other tumor suppressor 
genes are silenced by hypermethylation of their promoter in 
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OS‑derived cell lines, including RASSF1A, TIMP3, DAPK1, 
and others (Fig. 1) (6).

It was found that GADD45 gene encoding proteins of the 
5‑hydroxymethylcytosine (5 hmC) family, which mediates the 
methylation in osteogenic differentiation, is co‑operatively 
repressed by the c‑Myc and PI3K/Akt pathways in OS 
cells (75). The repression of GADD45 may be due to the aber-
rant methylation pattern of its promoters. Interestingly, p53 
reduce methylation of promoters of tumor suppressor genes, 
among them RASSF1A (6). However, there are cancer cells 
that have wild‑type TP53, which is down‑regulated by means 
of a p53‑RASSF1A‑Mdm2 feedback loop which results in 
hypermethylation of RASSF1A, leading to MDM2 expression 
which remains bound to p53, promoting its degradation (76). 
On the other hand, RASSF1A promotes Mdm2 degradation 
in a p53‑dependent manner, preventing degradation of p53 by 
Mdm2. The silencing of RASSF1A due to DNA methylation is 
the explanation for the fact that there are cancer cells which 
have wild TP53 (77).

A study of gene expression associated with metastasis 
in OS identified the IRX1 gene as a candidate to be gene 
pro‑metastatic when it undergoes little methylation. IRX1 
encodes a member of the iroquois homeobox protein 1 family, 
a transcription factor which plays a crucial role in embryonic 
development and was previously pointed out as a potential 
tumor suppressor in gastric cancer (78). It was hypothesized 
that the hypomethylation of IRX1 gene promotes pulmonary 
metastasis of the OS, since overexpression of this gene was 
strongly associated with the hypomethylation of its promoter 
in both OS‑derived cell lines and in clinical samples obtained 
from the tumor.  These pro‑metastatic effects of IRX1 are due 
to its role as positive regulator of the CXCL14/NF‑kB cell 
signaling pathway. In addition, it has been shown that IRX1 
can increase tumor cell metastatic activity both in vitro and 
in vivo, favoring migration and invasion, as well as promoting 
resistance to anoikis in the murine model (Fig. 1) (22).

The degree of methylation of more than 1.1 million loci 
was tested on biopsy samples obtained from patients with OS 
and analyzed in function of relapse or not of the disease. It 
was found that patients who had tumor recurrence were more 
methylated in more than 17% of the samples, whereas less than 
1% of patients who did not have relapse had high methyla-
tion. Moreover, hypermethylation was found in genetic bodies, 
intragenic regions, and promoters in patients with recurrent 
disease. It was demonstrated that in 6.6%  of the patients 
who had relapsed, the promoters of the candidate gene were 
hypermethylated and 2% were hypomethylated. A locus at the 
TLR4 gene demonstrates one of strongest positive associations 
between DNA methylation and 5 y event‑free survival (66). 
Several candidate oncogenes including SEMA4D, RAF1 and 
PAK1 are also hypomethylated and overexpressed in human 
OS compared to normal osteoblasts (79). Furthermore, some 
of these epigenetic changes, including repression or aberrant 
activation, are associated with loss of expression control at 
specific loci in OS cells (Fig. 1) (66,79).

A comparative study of the DNA methylation degree of 
normal samples with those obtained from OS revealed that 
the promoters of some genes are differentially methylated 
in the tumor. The pathways and functions affected by these 
genes were identified through protein‑protein interaction (PPI), 

followed by the identification of genes associated with cancer 
which had their promoters differentially methylated, wherein 
1379 hypermethylated regions and 169 hypomethylated regions 
were identified. Differential hypomethylation was significantly 
greater in the toll receptor signaling pathway. In the PPI 
network, the MAXI interactor signals transducer 1 (MXI1), the 
transcription activator STAT3 and the T‑cell acute lymphocytic 
leukemia 1 (TAL1) had the highest degree of hypermethylation. 
These genes were identified as being associated with cancer 
and were hypermethylated in OS cells (80).

The HOTAIR gene has been shown to be highly expressed 
in OS cells, while knockdown of this gene results in down regu-
lation of DNMT1 with a reduction in overall DNA methylation 
level. It was further seen that the HOTAIR product represses 
CDKN2A expression by inhibiting CDKN2A promoter 
activity by DNA hypermethylation. Mechanistically, HOTAIR 
acts in OS by suppressing miR‑126 expression, which is the 
negative regulator of DNMT1. Thus, DNMT1 occurs in the 
absence of miR‑126 overexpression, leading to silencing of 
CDKN2A due to hypermethylation of DNA its promoter, thus 
favoring tumor development (81).

A methylation status analysis of the whole genome of 19 
different OS‑derived cell lines and of 6 normal controls was 
performed and the comparison between the two cell types was 
established. The differentially methylated sites in tumor cells 
were analyzed with the CpG assoc package and a total of 75 
sites were methylated in transcription factor binding regions 
to which 83 transcription factors can bind, which may lead 
to alteration in the expression of 75 genes being differentially 
expressed in tumor cells. In addition, several differentially 
methylated sites have been associated with up‑regulation of 
genes such as SEZ6L2, KIRREL, CEP72 and CDK4, which 
may play an important role in OS pathogenesis (82).

The hypermethylation of DNA from two CpG islands 
adjacent to miR‑449c genomic locus results in inhibition of 
its expression, and consequently abolishes the function of 
miR‑449c as a negative regulator of c‑Myc oncogene expres-
sion.  In this condition, c‑Myc passes to be overexpressed, 
leading to activation of downstream targets, contributing 
to OS tumorigenesis  (83). Analysis of over 11,000 genes 
for differential methylation level and over 3,000 genes for 
differential expression in the OS revealed that the functions of 
genes related to this tumor were mainly enriched in biological 
processes related to inflammatory/immune response, Pertussis 
pathways and hematopoietic cell lineage pathways. UBS and 
NRF were found to be regulated by multiple genes in the 
OS. Kaplan Meier analysis of genes to OS‑associated identi-
fied BHMT2, DOCK2, DNALI1 and RIPK3 as significant 
survival‑related genes. SEMA3A and PRAME are included in 
the 40 genes and within the top 10 of the most differentially 
expressed genes in OS (84).

Histone modification. Covalent modifications of the amino 
termini of the histones in nucleosomes play a critical role in the 
regulation of gene expression (85). Such modifications are even 
more complex than DNA methylation because they include 
acetylation, methylation, phosphorylation, ubiquitination, 
and sumoylation (86). The amino‑terminal modifications of 
these proteins affect the affinities of the chromatin‑associated 
proteins and influence regulation of the dynamic transitions 
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between transcriptionally active or silent chromatin states. 
Thus, the normal state of acetylation of histones and other 
transcription factors bound to the promoter determines the 
dynamic equilibrium that is regulated by acetyltransferase 
and histone deacetylase (HDAC) enzymes. Aberrant acetyla-
tion with histone modifications are implicated in anomalous 
expression of oncogenes and tumor suppressor genes, which 
ultimately leads to tumorigenesis (87).

Unlike the dynamic equilibrium of acetylation observed in 
normal cells, histones are typically hypoacetylated in tumor 
cells  (88). Histone methylation may activate or inactivate 
gene transcription, depending on where methylation occurs. 
Generally, H3K4, H3K36 and H3K79 methylations are related 
to active gene transcription, while methylations of H3K9, 
H3K27 and H4K20 are associated to gene silencing. Thus, 
modifications of histones interact with DNA methylation and 
the combined action of the two mechanisms plays a key role in 
gene expression (89).

WNT5A is a family of genes which encode signaling glyco-
protein and its altered expression is associated with various 
types of cancer. Expression of promoters A and B of the WNT5A 
gene was studied in normal human osteoblasts, in two SaOS‑2 
and U2OS OS cell lines, and in tumor tissue. It has been found 
that both promoters A and B are active in normal osteoblasts, 
being that promoter B was nearly 11 times more active than 
promoter A. Three regions enriched with CpG islands of exon 
1β of promoter B are highly methylated in both SaOS‑2 and 
U2OS cells. Histone modifications were examined for their 
involvement in the activity of promoters A and B. It was found 
that H3K4me3, a marker of histone activation, showed a high 
level of histone modifications in promoter A and a reduced 
level of promoter B modifications in cell U20S, suggesting 
that H3K4me3 plays a repressive role, reducing the activity 
of the promoter B. It has also been found that promoter B is 
less enriched with the active H3K4me3 compared to promoter 
A in U2OS and SaOS‑2 cells. In addition, there is increased 
enrichment of the repressive H3K27me3 in the promoter B in 
SaOS‑2 cells. Inhibition of promoter B of the WNT5A gene 
appears to be an OS characteristic and involves both DNA 
methylation and histone modifications. These results indicate 
that histone modifications in the WNT5A gene promoter B 
reduce the transcription activity of this gene in OS cells (90).

Histone demethylases KDM6A and KDM6B, associated 
with the demethylation of histone H3 lysine trimethylation 
(H3K27me3) were found to be upregulated in OS cells after 
treatment with cisplatin. Cisplatin‑resistant tumors had lower 
levels of H3K27me3 than sensitive OS specimens. In vitro 
inhibition of histone methyltransferase EZH2 in OS cells 
decreased H3K27me3 levels and led to cisplatin resistance. On 
the other hand, inhibition KDM6A and KDM6B demethylases 
increased H3K27me3 levels and reversed cisplatin resistance 
in vitro and in vivo. This indicates that H3K27me3 acts in 
reducing KDM6A and KDM6B expression by increasing 
tumor cell sensitivity to cisplatin (91).

Nucleosome remodeling. The conformational changes and 
changes in position of the nucleosomes along the DNA strand 
alter the interactions between DNA and histones and interfere 
in the affinities of transcription factors to DNA (92). Thus, 
aberrant nucleosome remodeling can cause great damage to 

the correct functioning of the cell. Remodeling of the nucleo-
somes has a critical role in the process of normal differentiation 
and is controlled by ATP‑dependent chromatin‑remodeling 
complexes (CRCs). Such complexes act by regulating a wide 
range of cellular processes, including transcription regulation 
in response to DNA damage, DNA replication, and determina-
tion of cellular identity. In this way, the deregulation of any of 
these processes can contribute to the cellular transformation 
and tumorigenesis (90).

It has been shown that both DNA methylation and histone 
modification as nucleosome remodeling may contribute to 
transcriptional suppression and gene silencing in human 
OS. When the CpG island of the promoter is methylated, the 
methyl‑CpG binding domain proteins (MBDs) will bind to this 
site instead of the transcriptional activator complex. MBDs 
will recruit histone deacetylase (HDAC), and consequently 
the histones are deacetylated. Histone deacetylation increases 
the overall positive charge of histone tails, which is associ-
ated with a more compact heterochromatin structure, causing 
condensed chromatin (69).

Alterations in the RB‑E2F signaling pathway are 
known to be found in virtually all cases of OS, showing its 
importance in this tumor development. It is also known that 
lymphoid‑specific helicase (HELLS) participates as a critical 
effector of chromatin remodeling downstream of the RB‑E2F 
signaling pathway in various cancers, and has its expression 
regulated by the RB‑E2F pathway. A study using an OS model 
in genetically modified mice revealed that the loss of the E2F1 
and E2F3 transcription factors  significantly delays tumor 
progression and increases the overall survival of mice with 
p53/Rb1 deficient OS. On the other hand, it has been seen that 
HELLS mRNA is upregulated and its protein is overexpressed 
in OS, but has no effect on tumor proliferation and migration. 
In addition, loss of HELLS in OS has no effect on tumor onset 
and overall survival of mice. The authors concluded that while 
HELLS may serve as a biomarker for tumorigenesis and for 
RB‑E2F pathway status, it is unlikely to serve as a target for 
therapeutics in OS (93).

8. Role of non‑coding RNAs

Current knowledge reveals that most of the genes that make 
up the human genome are transcribed into non‑coding RNAs 
(ncRNAs) which play important roles in the normal func-
tioning of the cell, but are also associated with pathological 
processes, including cancer and infectious diseases (94,95). 
Although ncRNAs are not translated into protein, they 
perform important regulatory functions within the cell, and 
today are recognized as causing huge changes in all fields 
of biology and medicine due to its role in gene expression 
regulation (96). Increasing evidence has shown that ncRNAs, 
including miRNAs, non‑coding long RNAs (lncRNAs) and 
circular RNAs (circRNAs) play important roles in regulating a 
wide range of biological processes involved in human disease 
etiology, including tumors  (94). Some aspects related to 
these non‑coding RNAs in OS development are subsequently 
presented.

MicroRNAs. MicroRNAs (miRNAs) are a class of small 
non‑coding RNA endogenous containing 20‑30 nucleotides 
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which play important regulatory roles in various biological 
processes including differentiation, cell proliferation, cell 
cycle control, apoptosis, embryonic development and innate 
immunity  (97,98). miRNAs most often interact with the 
3'untranslated regions (3'UTR) of target mRNAs to induce 
their mRNA degradation or translational repression. The 
interaction of miRNAs with other regions, including the 
5'UTR gene promoter sequence, has also been reported. In 
addition, miRNAs may also activate translation or regulate 
transcription under certain conditions (99).

Some miRs are implicated in OS and may act as a factor 
protection or contribute to tumor initiation and progression. 
Evidence of this was obtained in an in vitro and in vivo func-
tional validation study in tumor cell lines obtained in which 
the tumor suppressor role of miR‑16 and the pro‑metastatic 
role of miR‑27a were confirmed (20).

It has been demonstrated that low levels of miR‑200b 
expression have been associated with advanced clinical stage 
and metastasis in OS, and that its expression is down‑regulated 
in tumor‑derived U2OS, Saos2, HOS, and MG63 cell lines 
compared to normal osteoblasts. Restoring miR‑200b expres-
sion led to a significant decrease in proliferation, migration, 
and invasion of tumor cells. In addition, ZEB1 gene encoding is 
a transcription factor which suppresses the interleukin 2 (IL‑2) 
gene in specific T lymphocytes. It was identified as miR‑200b 
target and its expression were down‑regulated by miR‑200b in 
OS. ZEB1 expression has also been shown to be significantly 
increased in tumor cells, while inhibition of ZEB1 expression 
has reduced proliferation, migration, and invasion of tumor 
cells. The results show that miR‑200b inhibits proliferation 
of migration and invasion of tumor cells by inhibiting ZEB1 
expression (100).

A recent study in MG‑63 cells lines derived of OS showed 
that overexpression of miR‑101 significantly suppressed the 
expression of ROCK1, a gene encoding a serine/threonine 
kinase signaling protein compared to knockdown of miR‑101 
in MG‑63  cells. Overexpression of miR‑101 reduced the 
viability, migration, and invasion of MG‑63 cells and promoted 
apoptosis. Independent inhibition of ROCK1 and reduction 
of miR‑101 expression levels increased proliferation, migra-
tion, and invasion of MG‑63 cells and inhibited apoptosis. 
In addition, the miR‑101 inhibitory effect upon proliferation, 
migration, and invasion of MG‑63 cells, and the activation 
of apoptosis were reversed in knockdown of ROCK1 in 
MG‑63 cells. These results show that miR‑101 plays a tumor 
suppressor role in OS by targeting the ROCK1 gene, and that 
overexpression of miR‑101 inhibits tumor growth and tumor 
cell movement by inactivating the PI3K/AKT and JAK/STAT 
signaling pathways by down‑regulation of ROCK1 gene 
expression (Fig. 2) (101).

In another essay with cell lines derived from human 
OS and normal osteoblasts, transfection for up‑regulation 
or down‑regulation was used to measure the expression 
miR‑3928. It was found that miR‑3928 inhibited tumor growth, 
induced cell apoptosis, increased the percentage of cells in the 
G1 phase, and decreased the percentage of cells in the S phase 
in the up‑regulation condition, whereas it promoted cellular 
proliferation and tumor growth in the down‑regulation condi-
tion. This suggests that miR‑3928 acts as a tumor suppressor, 
having the ERBB3, IL‑6R, and CDK6, gene encoders of 

the tyrosine‑protein kinase receptor, IL‑6 receptor, and 
cyclin‑dependent kinase 6 as targets, respectively (Fig. 2) (102).

It has been previously reported that pulmonary metastasis 
formation in OS is inversely correlated with Fas (a type II 
transmembrane protein of the TNF family) expression on the 
cell surface. Interestingly, expression levels of miR‑17‑92 group 
members, including miR‑20a and miR‑19a, were observed 
to be higher in LM7 lineage metastatic cells expressing low 
Fas when compared to non‑metastatic lines which present 
high Fas expression levels. An inverse correlation between 
Fas expression and miR‑20a was observed in all analyzed 
tumor‑derived cells. Overexpression of miR‑20a resulted in a 
consistent and sustained negative regulation of Fas expression 
in SAOS‑2 cells. Inhibition of miR‑20a in LM7 cells increased 
Fas expression levels and reduced metastasis in mice injected 
with LM7 stably transfected with anti‑miR‑20a. This suggests 
that miR‑20a encoded by the miR‑17‑92 gene negatively regu-
lates Fas expression in OS, increasing its metastatic potential 
(Fig. 2) (103).

Another miR strongly associated with OS development 
is miR‑574‑3p, whose expression levels are increased very 
much in the tissue obtained from tumors, as well as in U2OS, 
SAOS, and MG63 OS‑derived cell lines compared to normal 
osteoblasts. Negative regulation of miR‑574‑3p by antisense 
mi‑574‑3p resulted in cell growth inhibition and induced 
cellular apoptosis. Furthermore, overexpression of miR‑574‑3p 
by transfection with miR‑574‑3p mimics promoted a prolif-
eration of U2OS  cells. Functional analysis identified the 
decapentaplegic homologue 4 (SMAD4), which encodes a 
family of signaling proteins, is a target of miR‑574‑3p, since 
this gene function was suppressed in miR‑574‑3p transfected 
cells. It has also been shown that overexpression of SMAD4 
was able to neutralize the promoter effects of miR‑574‑3p 
on the growth of cancer cells. Thus, it has been established 
that miR‑574‑3p exerts a tumor‑promoting function in OS by 
down‑regulating the expression of the SMAD4 tumor suppres-
sion gene (Fig. 2) (104).

In 40 OS tissue samples it was shown that miR‑140 
expression is reduced and that restoration of its expres-
sion in OS‑derived cells has a marked effect on inhibiting 
cell proliferation and invasion, inducing apoptosis in vitro, 
and suppressing tumor growth in  vivo. A bioinformatics 
study revealed that miR‑140 has the gene encoding histone 
deacetylase 4 (HDAC4) as target, and in this case miR‑140 
acts as a tumor suppressor gene (105). Another study involving 
85 patients with resectable OS and 56 patients with un‑resect-
able OS showed a shorter disease‑free survival in patients 
with low levels of expression of miR‑125b. The low miR‑125b 
expression was associated with advanced tumors in patients 
with un‑resectable OS. The results suggest that low expression 
of circulating miR‑125b may be a potential marker of poor 
prognosis in patients with OS (106).

In OS metastatic cell models obtained by exogenous 
transfection of F5M2 cells, a low level of miR‑150 expression 
and significantly increased Ezrin (a gene encoding the 
protein‑tyrosine kinase) expression were found. The exog-
enous transfection of miR‑150 mimics in F5M2 cells resulted 
in reduced Ezrin gene expression. In addition, overexpression 
of this gene has been shown to promote a significant suppres-
sion of the invasion and metastasis capability of F5M2 cells. 
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The upregulation of miR‑150 results in down‑regulation of 
Ezrin, which leads to a reduction in the invasion and metas-
tasis capacity of tumor cells, indicating that miR‑150 acts as a 
tumor suppressor in OS (107).

It was found that that miR‑449c is significantly down‑regu-
lated in OS cells and presented hypermethylation of the DNA 
in two CpG islands adjacent to the miR‑449c genomic locus 
in OS cells. Ectopic expression of miR‑449c significantly 
inhibited OS cell proliferation, colony formation and caused 
cell cycle arrest in the G1 phase. miR‑449c was able to nega-
tively regulate c‑Myc oncogene expression. On the other hand, 
overexpression c‑Myc partially reversed cell proliferation and 
colony formation inhibited by miR‑449c. This shows that 
miR‑449c acts as a tumor suppressor, inhibiting c‑Myc expres-
sion and that, in the OS miR‑449c is down‑regulated due to 
DNA methylation (83).

Long non‑coding RNAs (lncRNAs). LncRNAs are transcribed 
with more than 200 nucleotides that play critical roles in 
different biological processes such as cell growth, transcription, 
and translation, epigenetic regulation of gene expression, 
splicing, nuclear cytoplasmic traffic, and cell cycle control (108). 
Recent studies show that lncRNAs can epigenetically regulate 
oncogenesis, which can prevent (109) favoring initiation and 

progression of OS (110,111). Thus, lncRNAs can contribute 
to the development and progression of OS by acting as tumor 
suppressors or as oncogenes inducing tumor formation (109,111). 
Therefore, they can modulate cancer pathogenesis in many 
aspects including proliferation migration, metastasis, invasion 
and cellular apoptosis (108).

It has been seen that lncRNAs can regulate OS by at least 
two mechanisms that target mRNA: by activating signaling 
pathways or by acting as a miRNA sponge. Positive regulation 
of the Hedgehog (Hh) signaling pathway, which is implicated 
in the regulation of differentiation, proliferation, cell polarity 
and carcinogenesis, has been shown to promote the expres-
sion of YAP1, a candidate human oncogene in multiple tumors, 
which in turn is responsible for aberrant expression of lncRNA 
H19 in malignant OS. In addition, lncRNAs may also regulate 
gene expression at post‑transcriptional levels, acting as an 
endogenous ‘sponge’ and under regulation of a microRNA 
chain (108).

Several lncRNAs have been reported as important regula-
tors in initiating and progressing OS, among them MALAT1 
which has been found to be upregulated in tumor tissues 
compared to adjacent non‑tumor soft tissues. Overexpression 
of this lncRNA results in tumor cell proliferation, migration 
and invasion in vitro and enhances tumor growth in a mouse 

Figure 2. Participation of miRs in OS development. The suppression or activation of miR expression is an epigenetic event which may be involved in OS 
development. Suppression of miR‑200b results in overexpression of the ZEB1 gene, whose product suppresses IL‑2 gene expression, whereas the suppression 
of miR‑101 results in overexpression of the ROCK1 gene which actuates in the PI3K/AKT and JAK/STAT signaling pathways. Both cases may increase the risk 
of initiation and progression of OS, since they cause impairment of the immune response. Suppression of miR‑3928 increases the expression of the ERBB3, 
IL‑6R and CDK6 genes, which may favor tumor development, promoting cell proliferation, uncontrolled cell cycle and apoptosis inhibition. The suppression 
of miR‑143 results in the expression of versican and proteoglycan of extracellular matrix, favoring tumor progression. However, the expression of miR‑17‑92 
increases the expression of miR‑20a, which in turn reduces Fas expression, a cell death receptor, and inhibits apoptosis, whereas miR‑574‑3p expression 
suppresses expression of the SMAD4 tumor suppressor gene, which leads to increased cell proliferation and apoptosis inhibition. Therefore, both mechanisms 
may increase the risk of OS. miR, microRNA; OS, osteosarcoma.
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xenograft model, and has also been correlated with poor 
prognosis. In OS, MALAT1 modulates RET proto‑oncogene 
expression by sponging miR‑129‑5p, increasing protein expres-
sion downstream of the RET‑Akt pathway, and its expression 
was positively correlated with RET and negatively correlated 
with miR‑129‑5p in original OS and in xenografted tumor 
cells. This shows that MALAT1 act as oncogenic lncRNA in 
OS by regulating RET via miR‑129‑5p suppression, thereby 
activating the PI3K‑Akt signaling pathway (112).

One study shows that lncRNA HOXD‑AS1 encoded by 
HOXD genes was significantly over‑regulated in OS tissues 
and cells derived from this tumor, and that its overexpres-
sion was associated with poor prognosis of OS patients. 
HOXD‑AS1 silencing resulted in inhibition of tumor cell 
proliferation, induced cycle arrest in the G1/G0  phase 
in vitro, and suppressed tumor cell growth in vivo. It was 
confirmed that HOXD‑AS1 could interact with homologous 
zest enhancer (EZH2) of the p57 gene promoter, inhibiting its 
tumor suppressive action, favoring OS oncogenesis (113). It has 
also been shown that expression of the TUG1 gene encoding 
lncRNA taurine 1 (TUG1) was significantly higher in tumor 
tissues than in adjacent normal bone tissues. Overexpression 
of TUG1 results in down‑regulation of miR‑212‑3p expres-
sion causing increased tumor size, advanced lymph node 
metastasis, and decreased overall survival time of OS 
patients (114).

Another non‑coding long RNA involved in initiating and 
progressing OS is lncRNA SNHG1, having miRNA‑101‑3p 
as targets since it is up‑regulated, while miRNA 101‑3p is 
down‑regulated in tumoral tissue and tumor‑derived cell lines. 
In addition, lncRNA SNHG1 knockdown resulted in cell apop-
tosis and kept the cell cycle in the G0/G1 phase, with reduced 
overall cell viability. Under normal conditions, miRNA‑101‑3p 
acts by suppressing proliferation, migration and cell invasion. 
Thus, down‑regulated expression of miRNA‑101‑3p enhances 
the expression of Rho‑associated coiled‑coil‑containing 
protein kinase 1 (ROCK1) and promotes cell proliferation, 
migration and invasion. Overexpression of lncRNA SNHG1 
results in inactivation of the phosphoinositide 3‑kinase/ATK 
pathway and activation of the epithelial‑mesenchymal transi-
tion of the OS‑derived cell lines. Thus, lncRNA SNHG1 
behaves as an oncogene, while miRNA‑101‑3p acts as a tumor 
suppressor (110).

On the other hand, RNA‑steroid receptor RNA acti-
vator 1 (SRA1) plays a protective role against OS in targeting 
miRNA‑208a, since its expression is down‑regulated in tumor 
tissues compared to normal bone tissue, while expression 
of microRNA‑208a was up‑regulated in the tumor tissues. 
In addition, restoration of expression of this lncRNA inhib-
ited proliferation, migration and invasion of tumor cells by 
increasing the apoptosis rate of these cells. Up‑regulation 
of microRNA‑208a played a similar role in silencing 
RNA‑steroid receptor RNA activator 1, leading to inhibition 
of apoptosis and increasing tumor cell proliferation, migration 
and invasion (109).

Circular RNAs (circRNAs). Circular RNAs (circRNAs) are 
a class of endogenous non‑coding RNAs generated from 
back‑splicing, which are covalently closed in forming a 
circular loop structure, with high stability that can act in gene 

regulation (115,116). Recent studies show that such molecules 
can regulate transcriptional or post‑transcriptional gene 
expression by acting as miRNA sponges and are involved in 
the regulation of many important biological processes (117). 
CircRNAs have been shown to play a critical role in regulating 
gene expression in eukaryotes and therefore may play central 
roles in initiating and progressing cancer in humans (118).

In a microarray‑based circRNA expression study 
performed on OS‑derived cell lines and compared to normal 
cells, 12 differentially expressed circRNAs were found; among 
them, up‑regulated hsa_circRNA_103801 and down‑regulated 
hsa_circRNA_104980. The potential targets of hsa_
circRNA_103801 include hsa‑miR‑370‑3p, hsa‑miR‑338‑3p 
and hsa‑miR‑877‑3p, while the potential targets of hsa_
circRNA_104980 were hsa‑miR‑1298‑3p and hsa‑miR‑660‑3p. 
Functional analysis showed that hsa_circRNA_103801 was 
involved in cancer signaling pathways such as HIF‑1, VEGF 
and angiogenesis pathway, the Rap1 signaling pathway and the 
PI3K‑Akt signaling pathway, while hsa_circRNA_104980 was 
related to some pathways such as the tight junction pathway 
(Fig. 3) (119).

The high expression of CircTADA2A was found in both 
OS tissue and tumor‑derived cell lines. The inhibition of 
circTADA2A expression attenuated tumor cell proliferation, 
migration and invasion in  vitro, as well as tumorigenesis 
and metastasis in vivo. It has been shown that circTADA2A 
acts as a sponge, absorbing miR‑203a‑3p to regulate CREB3 
expression, which has been identified as an OS‑conducting 
gene. In addition, the inhibition miR‑203a‑3p, or CREB3 over-
expression could reverse the circTADA2A silencing‑induced 
impairment in malignant tumor behavior (Fig. 3) (118).

9. Role of cytokines

Cytokine is a generic term used to denote a large group of 
signaling proteins secreted by specific cells in response to 
stressful conditions which mediate and regulate immunity, 
inflammation, and hematopoiesis. Such molecules are also 
designated as the basis in their presumed function, secretion 
cell, or target of their action. For example, cytokines produced 
by lymphocytes may be referred to as lymphokines, which 
are also known as interleukins (ILs), since they are not only 
secreted by leukocytes, but are also capable of affecting leuko-
cyte cellular responses (120).) Although the main function of 
cytokines is to seek homeostasis in conditions of stress and 
tissue damage when there are failures in this process and the 
stressful condition remains for a long time, the persistence of 
cytokines will increase the risk of malignant transformation. 
Thus, host responses to stress can affect various stages of 
cancer initiation and tumor progression (121). Therefore, it is 
very important to understand the deep and complex interaction 
between the different cytokines in the oncogenesis process, 
including those which occur in OS development (23). Next, 
we present some cytokines whose actions are cited as possible 
mechanisms involved in OS development.

Interleukin 6 (IL‑6). IL‑6 is among the possible cytokines 
involved in OS development, and is a pro‑inflammatory 
cytokine which activates Janus kinase (JAK), promoting the 
phosphorylation of transcription activator 3 (STAT3), which 
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in turn signals for increased cell proliferation and inhibits 
apoptosis of the MSCs and of OS‑derived cells (122). High 
expression levels of SOX18, IL‑6 and p‑STAT3 are found 
in OS, compared with normal bone tissue (123). It has been 
shown that neutralization of IL‑6 with antibody or by the 
STAT3 inactivation reduces tumor progression, besides 
inhibiting JAK2 preventing lung metastases and increasing 
survival in animals  (122). In addition, IL‑6 contributes to 
bone degradation by promoting the osteoclast differentiation 
and expression of proteins which act on bone resorption and 
induces the expression of the vascular endothelial growth 
factor (VEGF) in OS cells (124,125). Additionally, IL‑6 can 
function as a mediator of pulmonary tropism of cell of the OS 
favoring the installation of metastases in these organs (126).

Transforming growth factor beta (TGFβ). TGFβ is linked 
to the dedifferentiation of MSCs in OS, a dynamic popula-
tion of cells associated with tumor invasion and radio‑and 
chemoresistance with poor prognosis (127). TGFβ is produced 
by autocrine signaling of cancer cells which enhance the 
migration potential of OS cells through the activation of the 
MAPK pathway (128). Activation of TGFβ signal transduc-
tion activates pleiotropic functions involved in regulating cell 
proliferation and differentiation, apoptosis, cell migration and 
invasion, extracellular matrix production, angiogenesis and 
immune response (129,130).

Due to its complex activity, TGFβ plays an ambiguous 
role in tumors in humans. It acts as a tumor suppressor in 

the early stages of tumorigenesis, inhibiting cell prolif-
eration and immortalization, and promoting apoptosis. In 
later stages it promotes metastasis, migration, invasion and 
chemotaxis, and its functions are associated with aggressive 
and invasive tumors (131,132). Regarding OS, it was demon-
strated in vitro that tumor cells secrete TGFβ by activating 
the TGFβ/SMAD‑2/‑3 signaling pathway, keeping MSCs 
in an undifferentiated state and producing higher levels of 
pro‑tumor cytokines such as IL‑ 6 and VEGF (28). High TGFβ 
mRNA levels were also reported in OS‑derived cells and are 
associated with aggressive behavior and lung metastases (133). 
In addition, an association was observed between a significant 
increase in the activation of SMAD3 signaling pathway and 
high TGFβ1 levels in serum with a higher risk of developing 
lung metastasis in OS patients (28).

An in vitro assay showed that TGF‑β1 promoted OS cell 
migration and invasion by up‑regulating the expression of 
versican, an extracellular matrix proteoglycan, whose expres-
sion is down‑regulated by miR‑143. TGF‑β mechanistically 
activates the MAPK pathway, which in turn activates the 
TGF‑β/SMAD‑2/‑3 pathway, leading to miR‑143 suppression 
which leads to an increase of versican in the extracellular 
matrix, thus contributing to tumor progression since this 
favors  tumor cell migration and invasion (Fig. 4) (129).

TGF‑β signaling under hypoxia conditions dramatically 
increases the self‑renewal capacity of MSCs in OS, resulting 
in an increased potential for tumorigenesis, neovasculogenesis, 
and metastasis. The blockade of TGF‑β1 signaling inhibited 

Figure 3. Role of lncRNAs and circRNAs in osteosarcoma. In general, lncRNAs and circRNAs act as sponges for miRNAs, causing its inactivation and 
favoring tumor development. Therefore, MAULTI acts by suppressing miR‑129‑5p which leads to activation of the RET‑AKT signaling pathway; HOXD‑AS1 
suppresses the tumor suppressing action of p57 protein; TAG1 suppresses miR‑212‑3p, whereas SNHG1 suppresses miR‑101‑3p, which results in activation 
of ROCK1 gene expression. All these events favor the development of osteosarcoma. However, lncRNA SRA1 acts by suppressing miR‑208a, inhibiting 
its tumorigenic action. Additionally, has‑circRNA‑101801 circRNA acts by suppressing miRNAs: has‑miR‑338‑3p, has‑miR‑370‑3p and has‑miR‑877‑3p 
resulting in increased expression of HIF‑1 and VEGF, and PI3K‑Akt signaling pathway activation, thus favoring angiogenesis. Furthermore, circRNA TAD2A 
suppresses miR‑203a‑3p, which leads to increased CREB expression. This favors tumor development in both cases. circRNA, circular RNA; lncRNA, long 
non‑coding RNA.
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the differentiation and clonogenicity of tumor cells and reduced 
hypoxia‑mediated self‑renewal of MSCs. These findings 
suggest that a dynamic balance exists between stem cells and 
non‑stem cells within the cell population of the OS, and that 
MSCs can be generated from differentiated cancer cells (127).

It has been shown that the Saos‑2 and U2‑OS cell lines 
derived from OS produce high TGFβ levels as they activate 
MSCs to produce IL‑6 and VEGF, inhibiting the osteogenic 
differentiation of MSCs. In addition, treatment with the 
anti‑TGF‑β antibody significantly reduced the IL‑6 and VEGF 
production by MSCs and induced their osteogenic differen-
tiation, showing that TGFβ plays an important role in tumor 
initiation (28). In an orthotopic xenograft mouse model of OS, 
tumor cells have been shown to incorporate TGFβ in the form 
associated with membrane, which induces IL‑6 production 
by tumor mesenchymal stem cells promoting tumor growth, 
accompanied by the intratumor activation of STAT3 and 
formation of pulmonary metastases (Fig. 4) (132). In addition, 
TGFβ induces mesenchymal epithelial transition by inhibiting 
of miR‑499a expression, interacting with the Snail1/Zeb1 of 
miR‑499a promoter. This result in phenotypic conversion of 
primary tumor cells that acquire the ability to migrate and 
generate pulmonary metastases (134).

Tumor necrosis factor (TNF‑α). TNF‑α is a pro‑inflammatory 
cytokine produced by lymphocytes and macrophages which, 
although it can induce apoptosis of tumor cells, is associated 
with progression of several types of tumors, including OS (29). 

TNF‑α increases pulmonary metastasis in OS by increasing 
CXC 4 (CXCR4) chemokine receptor expression. In a mouse 
model, infliximab treatment, a TNF‑α inhibitor decreased 
CXCR4 expression and significantly reduced cellular mobility 
and lung metastases (135). In an OS murine model induced 
by the transfer of AX MSCs of INK4a‑deficient to wild type 
mice, the production of NF‑α resulted in tumor growth and 
maintaining cells in the undifferentiated state by means of 
extracellular signal‑regulated protein kinases (136). The treat-
ment with TNF‑α inhibitor resulted in reduced tumor growth, 
increased osteoblast differentiation, and the survival of the 
animals, highlighting the pro‑tumorigenic effect of TNF‑α on 
OS (29).

Interleukin 34 (IL‑34). IL‑34 has recently been identified and 
characterized by its ability to form macrophage colonies in 
human bone marrow cell cultures, constituting a similar 
function to that of the macrophage colony stimulating factor 
(M‑CSF) including its synergistic action on inflammation (137). 
IL‑34 signaling occurs by its binding to the M‑CSF receptor, 
which is expressed in human mononuclear phagocytes (138). 
Similarly, to M‑CSF, IL‑34 stimulates growth and survival 
of myeloid cells and induces macrophage polarization to the 
profile of M2 tumor‑associated macrophages (139,140).

High levels of IL‑34 expression are reported in several 
types of cancers and are associated with poor prognosis. In 
OS, IL‑34 increases the blood supply, recruits and polarizes 
macrophages to the M2 profile functioning as an angiogenic, 

Figure 4. Role of cytokines in human OS. Certain cytokines may contribute to OS development by activating cell signaling pathways, or by interfering in the 
differentiation process of MSCs. IL‑6 activates the expression of JAK2 signal transducer, which in turn activates JAK‑STAT signaling pathway that induces 
the differentiation of MSCs into osteoclasts. This leads to the production of VEGF and of proteins which act on bone resorption and induces angiogenesis, 
contributing to tumor development. TGFβ activates the MAPK pathway, which in turn activates the TGF‑β/SMAD‑2/‑3 pathway, resulting in miR‑143 suppres-
sion, with a consequent increase in versican expression of the extracellular matrix, thus contributing to tumor progression. TGF‑β also acts on MSCs, inducing 
the production of IL‑6, VEGF and additional TGF‑β. IL‑6 together with TNFα induces inflammation and the production of MMPs which (in synergistic 
action) inhibits MSC differentiation, increasing the risk of initiating OS. Furthermore, TNFα also increases the expression of CXC4 chemokine and its CXCR4 
receptor, a condition which also favors tumor development. TNFα together with IL1β activates the production of IL‑34 which binds to the M‑CSF receptor, 
promoting growth and survival of myeloid cells and macrophage polarization for the M2 profile with recruitment of these cells into the tumor environment, 
therefore contributing to its progression. The STST3 transcription factor, upon being phosphorylated, activates cytokine IL‑17 production, which (if connected 
to its IL‑17RA receptor) stimulates VEGF, MM9 and CXCR4 production and promotes angiogenesis, thus contributing to tumor progression and formation of 
metastases. MSCs, mesenchymal stem cells; OS, osteosarcoma.
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pro‑metastatic factor and stimulator of tumor progression. 
The paratibial inoculation of human OS cells which resulted 
in overexpressing IL‑34 in a murine model revealed that this 
cytokine is correlated with tumor progression, promoting 
angiogenesis, tumor growth, and pulmonary metastasis forma-
tion. In addition, IL‑34 promoted M2 recruitment to inside the 
tumor. It has also been shown that IL‑34 is expressed in OS cells 
regulated by TNF‑α, IL‑1β, and contributes to tumor growth 
by promoting M2 macrophage recruitment (Fig. 4) (140).

Interleukin 17 (IL‑17). IL‑17 is a cytokine produced by 
Th17 cells and other cell types, including neutrophils, NK, 
TCD8+, and Tγδ cells, whose role in cancer development is 
still controversial, although it is correlated with poor prognosis 
in many types of human cancers. In stromal cells, it has been 
shown that IL‑17 induces angiogenesis stimulators including 
VEGF, and that IL‑17 receptor expression is associated 
with VEGF production by OS‑derived cell lines (141,142). 
In the murine model, IL‑17A interaction with its IL‑17RA 
receptor has been shown to promote metastasis in nude mice 
(non‑T‑cell athymic) inoculated with OS‑derived cell lines 
expressing high levels of IL‑17RA and then transfected with 
IL‑17 gene encoding (142). In addition, clinical trials have 
shown that patients with OS had higher IL‑17 serum levels 
when compared to healthy subjects, and that IL‑17 levels were 
even higher in patients with metastases (141).

IL‑17RA expression was also higher in the tumor tissue 
of patients with metastatic OS and in the U‑2 cell line derived 
from the tumor, but not in MG63 cells. Interestingly, nega-
tive IL‑17RA regulation in U‑2 cells was able to nullify the 
increase in IL‑17A‑induced metastasis, while upregulation of 
IL‑17RA in MG63 cells increased the ability of these cells 
to produce metastasis in response to IL‑17A. The increased 
metastasis may be due to the interaction of IL‑17A with its 
IL‑17RA receptor, resulting in increased VEGF, MMP9, and 
CXCR4 expression in tumor cells. In addition, STAT3 activity 
was shown to be crucial in the interaction of IL‑17A/IL‑17RA 
to promote metastasis in OS (Fig. 4) (142).

10. Conclusions

OS, is a disease of multifactorial origin which involves a complex 
interaction between a wide variety of factors and mechanisms 
that when acting together promotes the deregulation of cellular 
signaling pathways, causing disturbances in bone tissue 
homeostasis. Bone tissue renewal requires an intensification 
of the differentiation process of precursor cells into the bone 
formation. As most cases of OS begin on the bone growth plate, 
disturbances in differentiation of precursor cells play a role in 
tumor initiation. It is believed that MSCs, osteogenic precursor 
cells which give rise to osteoblasts for bone formation, are a 
key component in OS initiation. This hypothesis is reinforced 
by experimental evidence involving the premalignant stages 
of the disease through the functional and phenotypic parallel 
analysis of normal MSCs, transformed MSCs, and MSCs 
derived from the tumor. The karyotyping of different MSCs 
revealed the occurrence of aneuploidization, translocations, 
and homozygous loss of the Cdkn2 region of the genome of 
those cells which controls the CDKN2A/p16 singling pathway, 
and plays a crucial role in malignant transformation of MSCs.

Another important aspect is the changes in the functions 
of tumor suppressor genes and/or oncogenes, either due to the 
occurrence of mutations, interference of epigenetic mecha-
nisms or even by the action of cytokines. Such events can 
alter the crosstalk between cells and promote changes in their 
behavior, leading to activation or deactivation of signaling 
pathways which regulate cellular processes such as differentia-
tion, proliferation, migration, and apoptosis, increasing the risk 
of suffering malignant transformation. Experimental evidence 
obtained through an in vivo study in transgenic animals in 
which the TP53 and RB1 genes of MSCs cells were silenced 
reinforced the importance of the dysfunction of these genes 
in the development of OS. In addition, expression deregula-
tion of tumor suppressor genes and of other genes, including 
oncogenes, may also occur due to epigenetic mechanisms 
triggered by environmental factors. These events influence 
gene activation and silencing, and are frequently found in cells 
obtained from tumors. Epigenetic mechanisms such as DNA 
methylation, histone modifications, nucleosome remodeling, 
and the action non‑coding RNAs are often implicated in OS 
progression. It is believed that epigenetic mechanisms act 
individually or together to change the expression of tumor 
suppressor genes and/or oncogenes, activating or deactivating 
the transcription of these genes, resulting in the deregulation 
of cell signaling pathways which, in some way, triggers the 
tumor initiation and progression process.

Major scientific and conceptual advances have been made 
in recent years, especially in the field of biology, focusing on 
the mechanisms of tumor initiation, progression, metastasis 
and heterogeneity. This is due to technological advances which 
have enabled developing experimental models of tumors that 
mimic the disease in humans. Along with the growing knowl-
edge about the mechanisms involved in tumor pathogenesis, 
several researchers are devoting themselves to try to find ways 
to infer these mechanisms in order to discover new options for 
treating the disease. Thus, we believe that the prospects are 
very promising to achieve more advances soon, as well as in 
the clinical area.
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