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Abstract

:

Simple Summary


Chondrosarcoma (ChS) is the second most frequently diagnosed malignant bone tumor of cartilaginous origin and is generally resistant to standard treatment options. In this paper, we aim to review the current state of the knowledge regarding ChS. We discuss the genetic, epigenetic, and molecular abnormalities underlying its substantial biological and clinical heterogeneity. This review summarizes the critical genetic and molecular drivers of ChS development and progression, contributing to its radio- and chemotherapy resistance. We describe genomic aberrations and point mutations, as well as epigenetic modifications and deregulated signal transduction pathways. We provide an insight into the stem-like characteristics and immunophenotype of ChS. The paper also outlines potential diagnostic and prognostic biomarkers of ChS and recently identified novel targets for future pharmacological interventions in patients.




Abstract


Chondrosarcoma (ChS) is a primary malignant bone tumor. Due to its heterogeneity in clinical outcomes and resistance to chemo- and radiotherapies, there is a need to develop new potential therapies and molecular targets of drugs. Many genes and pathways are involved in in ChS progression. The most frequently mutated genes are isocitrate dehydrogenase ½ (IDH1/2), collagen type II alpha 1 chain (COL2A1), and TP53. Besides the point mutations in ChS, chromosomal aberrations, such as 12q13 (MDM2) amplification, the loss of 9p21 (CDKN21/p16/INK4A and INK4A-p14ARF), and several gene fusions, commonly occurring in sarcomas, have been found. ChS involves the hypermethylation of histone H3 and the decreased methylation of some transcription factors. In ChS progression, changes in the phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin (PI3K–AKT–mTOR) and hedgehog pathways are known to play a role in tumor growth and chondrocyte proliferation. Due to recent discoveries regarding the potential of immunotherapy in many cancers, in this review we summarize the current state of knowledge concerning cellular markers of ChS and tumor-associated immune cells. This review compares the latest discoveries in ChS biology from gene alterations to specific cellular markers, including advanced molecular pathways and tumor microenvironment, which can help in discovering new potential checkpoints in inhibitory therapy.
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1. Introduction


Chondrosarcoma (ChS) is the second most frequently diagnosed primary malignant bone tumor [1], representing a very heterogeneous group of malignant chondrogenic tumors, accounting for approximately 30% of all bone malignancies and characterized by cartilage matrix production [2]. This tumor group is infrequent, and its incidence is 1 per 200,000/year [3]. ChS is characterized by a great variety of histopathology subtypes with specific genetic pathobiology and clinical outcome [4]. The prognosis for most patients with ChS is favorable and correlates with histologic grade and accomplishment of adequate surgical margins upon radical resection [5].



ChS is classified as conventional ChS (the majority, 85–90% of ChS cases), divided into the central and peripheral subtypes; or non-conventional ChS—including periosteal, clear cell, mesenchymal, and dedifferentiated ChS [6]. Myxoid and mesenchymal ChS subtypes are also known as the extraskeletal ChS [2]. Central and peripheral ChS are divided into grades 1, 2, and 3 [7], correlating with tumor malignancy [8]. The 5-year survival of patients with low-grade (grade 1) conventional ChS is 83%; however, in high-grade (grade 3), it does not exceed to 53% [4]. For dedifferentiated ChS, 5-year survival is only 7 to 24% [9]. ChS is highly resistant to chemotherapy and radiation [10], excluding its mesenchymal [11] and dedifferentiated subtypes [12,13]. In conventional, periosteal, and clear cell ChS, surgery is still the only curative treatment method [14]. Most recent studies on the potential use of immune checkpoint inhibitors have not yielded satisfactory results. The response to anti-programmed cell death 1 (PD-1) antibody pembrolizumab treatment was only 20% in dedifferentiated ChS in the SARC028 trial [15].



In the current review, we describe ChS biology, including activated molecular pathways, gene alterations, epigenetics, and immunological features of this disease. We believe that all presented discoveries may help the readers understand the pathology of ChS or design research targeted on finding new potential therapeutic targets and novel drugs to treat this tumor in the future.




2. Chondrosarcoma Stem Cell


A significant number of high-throughput analyses and large-scale transcriptomic and proteomic profiling of many types of cancer cells have revealed the presence of a cancer stem cell (CSC) subpopulation within the tumors. CSCs can prominently contribute to an extensive genetic and molecular heterogeneity of cancers and sarcomas (sarcoma stem cells—SSC) [16,17,18]. CSCs/SSCs constitute a relatively rare subset of cells within the tumor; nevertheless, they harbor a high potential for self-renewal and multi-lineage differentiation [19]. They can reinitiate tumor growth and promote metastases formation due to considerably enhanced migration and invasion potential. CSCs/SSCs may invade adjacent and distant healthy tissues [20]. Moreover, increased resistance to standard treatment modalities, such as chemotherapy and ionizing radiation, is one of the most critical features of CSCs/SSCs. Furthermore, CSCs exhibit mesenchymal stem cell (MSC) phenotype [21], and their presence was reported in many sarcoma subtypes, including rhabdomyosarcoma, synovial sarcoma, undifferentiated pleomorphic sarcoma, and osteosarcoma [22,23]. Nowadays, SSCs are considered essential drivers of disease progression and relapse [24] and are therefore important targets for novel oncological therapies [25,26].



Consequently, the treatment targeting SSCs inducing cell differentiation or programmed cell death of this subpopulation is recognized as a promising and encouraging approach [27,28]. A rapidly growing number of data suggest that ChS may originate from transformed MSCs localized in the bone marrow [29,30,31,32]. Stem cells in ChS share some characteristics with MSCs, embryonic stem cells (ESCs), and CSCs (Figure 1).



First of all, stemness or stem-like phenotype of ChS cells is defined by the expression of markers specific for multipotent MSCs, such as CD49b (integrin alpha-2) and CD221 (insulin-like growth factor 1 receptor, IGF1R) [30,33]. Other surface markers of ChS stem cells are CD271, CD44, or CD105. CD271, which is one of the MSC surface markers possibly related to the osteogenic potency of MSCs [34], is upregulated in a highly proliferating subpopulation of ChS cells derived from primary tumor samples [35]. CD271-positive cells, compared with CD271-negative, demonstrated a greater capability for self-renewal, differentiation, drug resistance, and higher tumorigenicity [36]. ChS cell cultures derived from patient biopsies were able to form tumor spheres in vitro and expressed several surface MSCs specific markers, such as CD44, CD105, as well as bone marrow stromal-1 antigen (Stro-1), which is a cell surface marker expressed by stromal elements in human bone marrow-1) [37]. Therefore, ChS cells may be induced to differentiate into at least two mesenchymal lineages—adipogenic and osteogenic [38]. CD44 (phagocytic glycoprotein 1, PGP-1), an MSC protein, is a receptor for osteopontin, hyaluronan, collagens, and matrix metalloproteinases in many different tissues [39]. This protein is overexpressed in progressive ChS, and its expression positively correlates with ChS metastatic potential and poor patient survival [40].



The CD133 antigen, a membrane glycoprotein encoded by the prominin 1 (PROM1) gene, is another essential marker characteristic of ESCs and CSCs identified in a subpopulation of ChS cells [41]. CD133-positive cells display stem-like phenotypes and can initiate and support tumor growth in vivo [32]. ChS cell lines derived from clinical samples contained a small fraction of CD133+ cells (approximately 5.0–7.8%) with the ability for self-renewal, sphere formation, adipogenic and osteogenic differentiation, and high tumorigenicity in vivo [42]. Significant evidence shows that aldehyde dehydrogenase (ALDH) or CD133 can be considered potentially useful therapeutic targets for eliminating CSCs [43]. Many data suggest the potential prognostic relevance of SSC/CSC marker abnormalities in clinical practice [39,40,44].



ChS stem cells were confirmed to express typical stem-related transcription factors. Upregulated expression of the octamer-binding protein (OCT)-3/4 (also known as OCT4; POU domain, class 5, transcription factor 1, POU5F1) and Nanog Homeobox (NANOG) was found in ChS spheres originating from surgical samples [38]. OCT-3/4 and NANOG regulate the self-renewal, proliferation, survival, and multi-lineage differentiation potential of ESCs. Moreover, these markers not only sustain pluripotency of undifferentiated ESCs but may also act as oncogenes since their overexpression has been identified in several cancers [45,46].



Deregulation of sex-determining region Y-Box (SOX) family genes encoding proteins that contribute to cell development, homeostasis, and regeneration [47] was also determined in sarcomas, including ChS. Depletion of SOX2, a pluripotency factor characteristic of ESCs and CSC, resulted in a dramatic decrease in sphere formation and tumor growth initiation. At the same time, its upregulation significantly enhanced pro-tumorigenic activity in vivo. Among sarcomas, the role of SOX2 in tumor initiation and progression has been well characterized in osteosarcoma [44]. Moreover, a correlation of SOX2 expression with tumor grade, invasiveness, and patients’ lower survival was found [44]. SOX9, another well-established pluripotency transcription factor playing an essential role in chondrogenesis, was found to be overexpressed in conventional, mesenchymal, and clear cell ChSs, and downregulation was observed in dedifferentiated ChS [47,48].



Increased ALDH activity is a well-recognized hallmark of hematopoietic stem cells, neural stem cells, progenitor cells, and CSCs in several tumors [49,50]. Highly upregulated ALDH has been found in established human ChS cell lines with enhanced invasiveness, tumorigenicity, and the ability to grow as tumor spheres. Since ALDH is one of the detoxifying enzymes contributing to the oxidation of aldehydes [51], and therefore involved in the scavenging of reactive oxygen species (ROS), ALDH+ ChS cells demonstrated a significantly lower ROS level than ALDH− cells, which is characteristic for CSCs [52,53]. Furthermore, ALDH-positive, but not ALDH-negative, cells showed an expression of the Krüppel-like factor 4 (KLF4) protein, which is one of the so-called Yamanaka factors of pluripotency. This may contribute significantly to the maintenance of a stem-like phenotype in ChS cells [54].



Some recent studies have also revealed an essential role of selected signaling pathways and miRNA signaling in ChS SCSs. The phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin (PI3K–AKT–mTOR) signaling pathway is involved in maintaining stem-like phenotypes. Rapamycin, an mTOR pharmacological inhibitor, significantly increased the level of suppressive miR-34 accompanied by the overexpression of Forkhead box O transcription factor 3 (FOXO3), which resulted in an inhibited proliferation of stem cells [54]. The mTOR inhibition also reduces the number of ALDH+ cells and the loss of sphere formation ability in ChS in vitro [54]. Additionally, tumor-suppressive microRNA-34 (miR-34), well-known for the modulation of such target genes as Notch homolog 1 (NOTCH1), C-MYC, lemur tyrosine kinase 3 (LMTK3), and KLF4 [55], consequently can suppress stem-like characteristics in many types of cancer [56,57,58] and is suggested to influence stemness in ChS. Generally, miR-34 is downregulated in ChS cell lines, and its overexpression significantly reduced the invasive activity of ChS and the spheroid formation ability of ChS cells maintained in vitro [54].



Finally, recent findings from in vitro and in vivo models have reported a significant hypoxic microenvironment involvement via hypoxia-inducible factors (HIFs) in ChS development and progression, including the maintenance of stem-like phenotypes. HIF proteins were found overexpressed in ChS and correlated with the histological grade of the tumor, playing a pivotal role in the promotion of tumor growth, proliferation, metastasis, and the self-renewal potential of stem cells [59,60,61]. Moreover, some members of the HIF protein family can potentially be targeted by a pharmacological approach, and their inhibition was shown to overcome the chemoresistance of ChS and augment standard chemotherapeutics [59].




3. Genomic Abnormalities in Chondrosarcoma


Gene aberrations are observed in ChS, and an increased level of gene abnormalities is observed in a higher grade of this sarcoma [6]. For example, the loss of heterozygosity on the 17p1 chromosome region, which results in TP53 loss, is present in around 25–30% of conventional ChS, mainly in a higher grade [62,63]. Substitution mutations were also found in TP53 introns and exons 5 to 8 [62,63,64]. Aberrations in genes involved in p53 and retinoblastoma protein (pRb) pathways, such as an amplification of the 12q13 region with mouse double minute 2 homolog (MDM2) and the deletion of 9p21 cyclin-dependent kinase inhibitor 2A (CDKN2A), were also found in high-grade ChS [6]. The loss of the 9p21 (CDKN21/p16/INK4A and INK4A-p14ARF) region was suggested to play a key role in ChS progression [65].



Gene copy alterations are frequent events in ChS, as is generally the case in sarcomas [66]. In a study by Hallor et al., 59/67 of conventional (both peripheral and central) ChS displayed abnormal DNA copy number in almost one-third of the genome with a median total size of the imbalance of 826 Mb [67]. The most common alterations were found in 2q33.2, 3p21.31, 4q12-q13.1, 5q31.1, 9q13.1, 9q33.3, 12q14.1, and 21q22.11 regions [67]. Other altered genomic regions contained matrix metalloproteinase (MMP) and exostosin glycosyltransferase (EXT) genes. In the same study, in more than 25% of cases, copy number alterations included a gain of chromosomes 5, 12, and 19 to 22 and the loss of parts of chromosomes 1, 4, 6, 9 to 11, 14, and 17 and the whole 13q chromosome arm [67]. For ChS large variety of cytogenetic abnormalities are known. Nearly 200 karyotypes were reported in ChSs [68].



In the cytogenetics of sarcomas, gene fusions are significant and are essential markers in diagnostics [69]. Among ChSs, the best-known translocations, based on many studies [70,71,72,73,74], are defined for extraskeletal myxoid ChS (excluded from this review), while only a few translocations have been discovered in mesenchymal ChS [75,76] (Table 1).




4. Mutations in Chondrosarcoma


In ChS, several repetitive point mutations have been described. The most common are mutations in IDH1 and IDH2 genes, which encode isocitrate dehydrogenase 1 and 2, an enzyme that converts isocitrate to α-ketoglutarate (αKG) [77,78]. Somatic mutations of IDH1 and IDH2 result in higher production of 2-hydroxyglutarate (2HG), one of the oncometabolites [79,80] from αKG. Moreover, the IDH1 mutation affects the intracellular cholesterol synthesis pathway, which can be a potential therapeutic target in ChS [81]. The study by Amary et al. in 2011 indicated the hot spot mutations in arginine (R132C, R132H in IDH1, and R172S in IDH2) in cartilaginous tumors, including ChS [82]. Mutated IDH1/2 genes were observed in 38% of peripheral ChS [78] and in 59% of central ChS—a subtype in which this mutation is mainly observed [82,83]. In high-grade conventional ChS, the R140-IDH2 gene mutation has also been reported [78]. In all grades of conventional central ChS and in the dedifferentiated ChS, missense mutations of IDH1/2 genes have been reported [83]. On the contrary, the IDH2 mutations were more often observed in high-grade ChS and dedifferentiated ChS, but not in low-grade ChS [78,84]. What is more, IDH mutations were correlated with DNA methylation and ChS progression [84].



The second typical mutations in ChS are reported in the COL2A1 gene encoding the alpha-1 chain of type II collagen fibers in cartilage. These mutations were identified in 37% of ChS [10,83,84]. The studies indicated truncating essential splice-site and missense mutations in high-grade conventional ChS and in dedifferentiated ChS. These mutations cause fundamental perturbation of extracellular matrix (ECM) deposition and signaling that can contribute to oncogenesis by abrogating normal differentiation programs in cartilage tissue [83].



Other common mutations in ChS were reported in genes responsible for the cell cycle regulation [85]. Mutations in the TP53 suppressor gene occur in 20–50% cases of ChS, both in conventional, dedifferentiated central ChS and peripheral ChS [10,83]. TP53 is one of the most frequently mutated genes in human cancers [86,87]. More specific in ChS, TP53 mutations were found in about 30–50% of conventional ChS in all three grades [62,78,88], but their presence was also reported in clear cell ChS [89]. The TP53 alterations, including insertions, deletions, and single nucleotide variants (SNV), resulted in silent, nonsense, and splice-site mutations or frameshifts [62]. What is more, a strong correlation between the overexpression/alteration of TP53 and metastasis or histologic grade of the tumor was found [62]. The presence of TP53 mutations in almost all grade III ChSs suggests their role in ChS progression [6,90]. The p53 loss of function may play a role in the transformation to a highly malignant dedifferentiated ChS subtype [70]. Other genes involved in cell cycle regulation often mutated or loss in ChS are CDKN2A and cyclin-dependent kinase inhibitor 2B (CDKN2B) [70,85], and RB1 (retinoblastoma 1) [83].



Moreover, the protein patched homolog 1 (PTCH1) nonsense and missense mutations were reported in central conventional and dedifferentiated ChS [83,85]. This gene is involved in the activation of the hedgehog pathway, an early event in the tumor formation and progression process [90]. Moreover, deletions in phosphatase and tensin homolog (PTEN) and tuberous sclerosis 1 (TSC1) genes in central ChS are observed [83,85]. Besides the somatic mutations in peripheral secondary ChS, germline truncating mutations in exostosin glycosyltransferase 1 and 2 (EXT1/EXT2) genes, involved in chondrocyte differentiation [6], were also observed [83,90]. The EXT gene mutations were mostly inactivating (nonsense, frameshift, or splice-site mutations), which can cause premature termination and the loss of protein functions [83,85].



Although several genes are frequently mutated in ChS, the tumor mutational burden (TMB), defined by the number of somatic mutations per megabase (Mb), is at a low level (<5 mutations/Mb) [85]. On the other hand, the study of a single COL2A1 gene showed a TMB range from 1 to 115 per case [83]. Among all indicated somatic mutations in this gene, several mutations—missense, nonsense, splice-site, and synonymous mutations, indels, and substitutions in microRNAs—have been identified [83]. In this case, the number of somatic mutations was more than two times higher in dedifferentiated and grades 2 and 3 ChS, compared to grade 1 ChS. According to this, there is still a need to conduct more detailed research in this area in the future [83].




5. Epigenetics of Chondrosarcoma


Recent rapidly growing evidence suggests that epigenetic mechanisms and their deregulation contribute to the development and/or progression of ChS. A well-known mechanism underlying DNA and histone methylation alterations is an accumulation of 2HG (2-hydroxyglutarate) induced by mutations in IDH1/2 in cancer cells, as mentioned above [91]. For example, the IDH2 mutation has been shown to induce the 2HG-dependent DNA hypermethylation in ChS cells, inhibiting mesenchymal differentiation [66]. Treatment with a 5-azacytidine can potentially reverse this blockage of the differentiation. A high level of the 2HG also leads to the competitive inhibition of the Ten-Eleven Translocation (TET) family of DNA demethylases and the Jumonji-C domain-containing family of histone lysine demethylases (JHKDMs).



Nevertheless, since only approximately 50% of all ChSs bear the IDH mutations [82], some data suggest that the level of 5-methylcytosine (5-mC) and 5-hydroxymethylcytosine (5-hmC) is highly variable in ChS, possibly not related to the mutational status of IDH, and no longer directly dependent on the inhibition of TETs by 2HG. Hypermethylated histone H3 (especially trimethylation of histone H3 at lysine 4 (H3K4me3), trimethylation of histone H3 at lysine 9 (H3K9me3), and trimethylation of histone H3 at lysine 27 (H3K27me3) has been observed irrespectively of the IDH mutation status in ChS [92]. Ongoing clinical trials are evaluating the clinical activity of novel IDH inhibitors. Enasidenib (AG-221), an oral IDH2 inhibitor, is currently being tested in phase I/II studies in patients with ChS with the IDH2 mutation (NCT02273739). Inhibitors of IDH— vorasidenib (AG-881) and ivosidenib (AG-120)—are also being evaluated in phase I studies in ChS with the IDH1 and/or IDH2 mutation (NCT02481154/NCT02073994). A combination of metformin with chloroquine in ChS patients with IDH1/2 mutations is also undergoing clinical trials (NCT02496741). Additionally, the DNA methylation pattern and expression of H3K4me3, H3K9me3, and H3K27me3 marks were not altered after the long-term treatment of ChS cells in the in vitro with mutant IDH1 inhibitor AGI-5198 (N-[2-(cyclohexylamino)-1-(2-methylphenyl)-2-oxoethyl]-N-(3-fluorophenyl)-2-methyl-1H-imidazole-1-acetamide) [93].



An alternative mechanism(s) of epigenetic regulation may be involved in ChS development and progression. Interestingly, some data suggest that DNA methylation patterns may be modulated by the microenvironment. Differences in CpG-methylation status of the Satellite 1 promoter were demonstrated between swarm rat model of human ChS (SRC) cells from different transplantation locations and normal rat cartilage [94]. Several reports have shown aberrant patterns of DNA methylation: hyper- and hypomethylation (global methylation and individual genes). They were followed by silenced or elevated expression of several genes involved in the development of ChS through many signaling pathways, such as cell cycle progression, cell-cell interactions, cell adhesion, and apoptosis. Some tumor-related genes were identified as hypermethylated in human ChS cells.



5.1. Hypermethylation of DNA


Tumor suppressor gene p16INK4a, which encodes CDKN2A, an inhibitor of cyclin-dependent kinase (CDK) 4/6 engaged in the regulation of phase G1 progression and contributing to growth arrest in deregulated cells [48], was found to be hypermethylated within CpG islands in the promoter in ChS [95,96]. Moreover, p16INK4a and E-cadherin (CDH1)—a gene associated with cell adhesion—are often hypermethylated in both low-grade chondroid and highly malignant anaplastic components of dedifferentiated ChS [96]. However, hypermethylation in the promoter region of fragile histidine triad (FHIT), one of the most frequently changed genes in human tumors related to apoptosis and cell cycle regulation, was found only in a highly malignant dedifferentiated ChS compartment [96]. The abnormally hypermethylated promoter of runt-related transcription factor 3 (RUNX3) and its decreased expression was shown, leading to significantly increased proliferation and inhibited apoptosis of ChS cells in vitro. RUNX3 is a well-known tumor suppressor responsible for the modulation of cell cycle arrest and apoptosis cell death. Methylation of its promoter may also affect clinical outcome since the loss of RUNX3 expression correlates with poor prognosis in patients with ChS [97]. The aberrant DNA methylation pattern was also identified in the promoter region of 3-OST, encoding 3-O-sulfotransferase 2 (HS3ST2) involved in the biosynthesis of heparan sulfate (HS). The pharmacological inhibition of DNA methyltransferase (DNMT) in the HEMC human ChS cell line in vitro with hypomethylating agent 5-aza-2′-deoxycytidine (decitabine) restored expression of a hypermethylated 3-OST gene, which resulted in decreased cell proliferation, invasiveness, and improved cell adhesion [98]. The higher methylation level of the nicotinate phosphoribosyltransferase (NAPRT1) promoter, coding for a nicotinic acid phosphoribosyltransferase (contributing to the synthesis of NAD+), was found in high-grade ChSs.



Moreover, ChS cells are also sensitive to pharmacological inhibition of nicotinamide phosphoribosyltransferase (NAMPT) since a strong decrease in viability and invasion was observed in vitro. Potentially, patients with a high-grade of ChS and silenced expression of NAPRT1 may benefit from treatment with inhibitors of NAD+ synthesis [99]. Epigenetic silencing by hypermethylation of secreted frizzled-related proteins family (SFRP5) promoter was found in ChS cell lines, leading to a considerable decrease in its expression. SFRP proteins are well-known competitive inhibitors of the Wnt signaling cascade [100]. Treatment with the DNA-demethylating agent decitabine prominently inhibited ChS cell proliferation by cell cycle arrest in vitro and inhibited the growth of xenografts and lung metastasis in vivo. Following the reduced methylation of the SFRP5 promoter, the inactivation of the Wnt/β-catenin pathway, the reduced expression of mesenchymal markers N-cadherin and vimentin, and the increased expression of epithelial marker E-cadherin associated with the induction of mesenchymal-epithelial transition (MET) were observed in ChS [101].




5.2. Hypomethylation of DNA


Hypermethylation is one of the mechanisms of inactivating gene expression, contrary to hypomethylation. The global loss of DNA methylation, including hypomethylation in repetitive DNA sequences such as Satellite 1 and LINE-1, was induced by 5-aza-2′-deoxycytidine in SRC cells. The decreased methylation level in promoter regions of Midkine growth factor (MDK) and pluripotent transcription factor SOX2 was also observed. The loss of methylation within CpG sequences after the inhibition of DNMT contributed to increased invasive and migratory activity in vitro and the progression of cancer in vivo [102]. The loss of CpG methylation was associated with the increased expression of two epithelial-specific markers, Maspin, and 14-3-3σ, during the development and progression of ChS. Conversely, no expression of Maspin and 14-3-3σ was found in normal chondrocytes following the hypermethylation of gene promoters. In contrast, the treatment of chondrocyte cells with decitabine led to an activated expression of both epithelial-specific markers. These results demonstrated epigenetic mechanisms regulating and triggering the mesenchymal to epithelial transition (MET) in ChS [103]. P73, belonging to the TP53 gene family and considered a tumor suppressor [104], is also highly methylated within the promoter sequence, resulting in silenced expression of p73 in ChS cells. The inhibition of DNMT by decitabine in vitro led to a significant loss of DNA methylation and consequently to the upregulation of p73, which may modulate the expression of some genes targeted by p53. Moreover, a correlation between methylation of the p73 promoter and the grade of ChS was found. A prominently lower methylation level was observed in less malignant grade 1 tumors compared with those of stages 2 and 3 [105]. However, there is still a very limited number of reports on the hypomethylation status of individual genes in ChS, supporting a need for further study.



Many human cancers exhibit epigenetic aberrations in DNA and in histone modifications and expression of histone deacetylases (HDACs) [106,107,108]. Therefore, HDAC inhibitors have attracted attention as a new class of potential anticancer agents [109,110]. One of the epigenetic regulators with potential significance in ChS may be sirtuin 1 (SIRT1), a member of the sirtuin protein family belonging to the class of HDACs, which showed significant deregulation in ChS. The aberrant expression of SIRT1 regulated tumor cell metastatic capacity through the promotion of epithelial-mesenchymal transition (EMT). Additionally, a correlation between SIRT1 expression, tumor progression, and prognosis has also been found in patients with ChS [111]. The effects of some pharmacological HDAC inhibitors in ChS were studied in vitro and in vivo. Small molecule agents such as sodium valproate (VPA) and trichostatin A (TSA) inhibited the proliferation of ChS cell lines, induced cell cycle arrest, and suppressed tumor growth in vivo [112]. Similarly, suberoylanilide hydroxamic acid (SAHA) treatment resulted in the promotion of apoptosis and the autophagy of ChS cells and tumor growth arrest in animal models of ChS [113], whereas depsipeptide also induced the differentiation of ChS [114].



The DNA methylation status of specific genes may be presumed as a prognostic biomarker in ChS. Furthermore, sarcoma-related epigenetic modifications of DNA and histones are potentially reversible. Therefore, they may be targeted by pharmacological inhibitors, consequently opening up novel opportunities for a promising and powerful therapeutic approach in the treatment of ChS. However, some conflicting data from in vitro and in vivo models show not only suppression but also the progression of sarcoma upon such intervention. At this point in time, there still is an unmet need for more research in the field before the potential implementation of DNMT inhibitors into the therapy of patients with ChS.





6. Deregulated Signaling Pathways in Chondrosarcoma


The development, and progression of ChS, are accompanied by an accumulation of genetic and epigenetic alterations in the cells. These changes result in prominent dysregulations and aberrations in many signaling pathways, including cell cycle regulators, oncogenes, and tumor suppressors.



6.1. Tumor Suppressor pRb and p53 Pathways


Large-scale transcriptomic and proteomic analyses, including whole-exome sequencing and immunohistochemistry, have revealed common aberrations in tumor suppressors and cell cycle regulators in ChS cells [10,115,116]. In this process, many genes, such as CDK4 and MDM2, players in the pRb and p53 pathways, are involved [116]. Degradation of p53 protein through MDM2 was observed to be associated with tumor progression in a subset of central ChSs [116]. Other research has proved that p53 deficiency can cause ChSs to arise from benign lesions, such as enchondroma [117]. Since the expression of MDM2 was found to be upregulated in one-third of high-grade ChS and correlated with increasing histopathological grade [116], the inhibition of interactions between p53 and MDM2 by small-molecule agents (e.g., RG7112) restoring the function of p53 may be a rational therapeutic intervention in ChS [118].



The second of the most important signaling pathways perturbed in the majority of cases of conventional and dedifferentiated high-grade ChS is the pRb pathway [116]. pRb inhibits the progression of cells with damaged DNA to the S phase of the cell cycle via binding to the E2F transcription factor [119,120]. Dysregulations of the pRb pathway may include a loss of the heterozygosity (LOH) of the RB1 gene in grade 3 and dedifferentiated ChS [115], the decreased expression of CDKN2A/p16, or the augmented expression of CDK4 or cyclin D1 [116]. Therefore, pharmacological blocking of CDK4/6 is suggested as a reasonable approach to potentially be applied in the treatment of advanced ChS since several CDK4/6 inhibitors (palbociclib, ribociclib, and abemaciclib) have recently been approved for the therapy of metastatic breast cancer [121].




6.2. PI3K–AKT Signal Transduction


The data from kinome profiling of several human sarcomas have shown the PI3K–AKT signaling pathway is strongly activated in many cancers via frequent mutations in specific proteins of this pathway [122]. Activation of serine-threonine kinase AKT is triggered partly by the binding of phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which is generated by a lipid kinase PI3K. The PI3K–AKT is a well-established regulator of multiple biological processes, such as cell survival, proliferation, growth, metabolism, and programmed cell death. AKT is the most activated kinase in ChS cells [123,124]; however, specific activating mutations within this pathway are infrequent [125]. Numerous novel therapeutic agents blocking PI3K–AKT signaling are currently undergoing clinical trials for the treatment of several human solid tumors (pan-class I and isoform-specific PI3K inhibitors, AKT inhibitors) [126]. They may potentially be used in the treatment of ChS.




6.3. The SRC Signaling Pathway


Another aberrantly activated kinase pathway identified during kinome profiling of human ChS cells was the SRC (Proto-oncogene tyrosine-protein kinase Src) signaling cascade, well-known for playing an essential function in embryonic development and cell growth [123,127]. The SRC pathway is an upstream regulator of PI3K–AKT signaling since its activation not only promotes sarcoma cell survival, proliferation, and migratory potential but may also increase the level of phosphorylated AKT, contributing, therefore to the activation of pro-survival pathways [33,127]. The SRC signaling cascade can be targeted by dasatinib (BMS-354825), a small molecule tyrosine kinase inhibitor that may also block Abelson tyrosine-protein (ABL) kinases [127]. Dasatinib is effective in the treatment of some solid tumors, chronic myelogenous leukemia, and Philadelphia chromosome-positive acute lymphoblastic leukemia [123,127]. Inhibition of the SRC pathway by BMS-354825, at nanomolar concentrations, significantly reduced the cell viability and survival of ChS in vitro, although no induction of caspase 3-mediated apoptosis was found [123]. Moreover, sensitization of ChS cell lines with mutant p53 to doxorubicin by dasatinib treatment was observed, with prominent inhibition of migration and apoptosis induction in vitro. These data clearly demonstrate that the SRC signaling cascade is essential for the chemoresistance of ChS cells. Since approximately one-third of ChSs harbor mutations in TP53, especially high-grade tumors, inhibition of the SRC pathway may potentially be useful in overcoming resistance to standard chemotherapeutics [127]. However, the results of the phase II trial of single-agent dasatinib in previously treated patients with high-grade sarcomas revealed no clinical benefits [128].




6.4. The mTOR-S6K Pathway


Enhanced signaling of the mTOR has been observed in many human sarcomas. mTOR is a serine/threonine kinase and a downstream of the PI3K–AKT signaling cascade involved in the modulation of cell cycle progression, cell growth and proliferation, autophagy, angiogenesis, and several other metabolic processes by the integration of intracellular nutrient status and extracellular signaling [129,130]. Rapamycin (sirolimus (SIR)) is a macrocyclic triene antibiotic and a well-established inhibitor of mTOR signaling. Sirolimus inhibits phosphorylation and thus activates S6 kinase, which is the downstream effector of mTOR. Decreasing the level of phosphorylated pRb may lead to cell growth arrest in the G1/S phase. The significantly increased phosphorylation of S6 protein has been observed in 44–69% of dedifferentiated and conventional ChS clinical specimens, and this effect was dependent on the histological grade of the tumor [131]. Some preclinical models have shown an important role of the mTOR pathway in the progression and invasion of ChS. Proline-rich polypeptide 1 (PRP-1) cytokine in high-grade ChS cells reduced mTOR activity and downstream protein c-Myc, followed by a significant anti-proliferative effect [132]. Treatment of ChS cells with rapamycin decreased cell migration and expression of MMP-13, leading to reduced metastatic potential [133]. Simultaneously, irregularities of c-MYC appear to occur in the early stages of tumorigenesis in all ChSs. The overexpression of metalloproteinases MMP-2, MMP-MT1, and tissue inhibitor of metalloproteinases 2 (TIMP2) and the abnormal methylation of p16 and E-cadherin are present in anaplastic cells of dedifferentiated ChS [6]. Pharmacological blocking of the mTOR pathway with dactolisib (BEZ235, NVP-BEZ235), a dual pan-class I PI3K-mTOR inhibitor, dramatically inhibited the growth of ChS cell lines and induced cell cycle arrest at the G1 phase, but no apoptosis was observed in vitro. Additionally, dactolisib affected the growth of ChS cells more potently than rapamycin. Moreover, considerable tumor inhibition was also observed in a murine xenograft model after treatment with BEZ235 [131]. In a rat model of ChS, another mTOR inhibitor, everolimus, was demonstrated to decrease cell proliferation. However, apoptotic cell death was not induced. Everolimus suppresses tumor progression and delayed local post-resection recurrence of the disease [134]. Several reports have also shown the clinical benefits of treatment with mTOR inhibitors in patients with ChS. A combination of SIR with cyclophosphamide (CTX) in metastatic, inoperable myxoid ChS resulted in an extraordinary response to the therapy [135]. Similarly, a combined treatment of SIR and CTX at low doses in patients with unresectable conventional ChS led to stabilization of the disease for at least six months in most patients (60%) and seemed to have significant clinical relevance [136].




6.5. Hedgehog Signaling Pathway


The Indian Hedgehog Homolog (IHH) pathway and parathyroid hormone-related peptide (PTHrP) pathway play a vital role in the differentiation of healthy chondrocytes, and it has been proven that constitutive IHH signaling plays a key role in the pathogenesis of ChSs. IHH regulates the proliferation and differentiation of chondrocytes through the direct regulation of glioma-associated oncogene (GLI) transcription factors and by regulating PTHrP ligand expression [117]. Abnormal activation of this pathway leads to continuous signals from IHH that induce chondrocyte proliferation and the secretion of PTHrP from chondrocytes into the extracellular matrix [137]. By auto- and paracrine signaling, PTHrP mediates the inhibition of chondrocyte differentiation and apoptosis, thus maintaining cells in the state of cell division [138]. While preclinical data on the activity of IPI-926 (saridegib—an oral hedgehog pathway inhibitor) indicated this compound’s good activity, clinical data from a phase II study in patients with advanced ChS were not satisfactory [83,139]. Similarly, vismodegib (GDC-0449) treatment assessed in a phase II study did not bring the expected results. The median progression-free survival (mPFS) was only 3.5 months, and the median overall survival (mOM) was 12.4 months [140]. These disappointing clinical outcomes may indicate a ligand-independent activation of the Hh pathway in ChS, which may occur in the case of a loss of PTCH function mutation or smoothened, frizzled class receptor (SMO) mutation, causing a loss of function and activation of the downstream pathway [138].



The aberrant activation of several signaling cascades in ChS may suggest their important tumor pathogenesis and progression function. Therefore, frequently deregulated signaling pathways harbor potential targets for treating patients with high-grade, metastatic, and inoperable ChS. The novel therapeutic approach may be opened up by targeting aberrantly expressed pathways with small molecule pharmacological inhibitors and/or in combination therapy.





7. Chondrosarcoma Microenvironment


In a ChS microenvironment, similarly to other tumors, tumor-infiltrating lymphocytes (TILs) and tumor-associated macrophages (TAMs) play a pivotal role [141]. TILs infiltration is associated with inflammatory and anti-tumor responses, in contrast to TAMs [142]. Many studies have shown the correlation between immune infiltrate composition, tumor aggressiveness, and patient survival in conventional ChS [141,143]. In a study by Richert et al., CD8+ lymphocytes and CD163+ macrophages were observed in conventional and dedifferentiated ChS, mainly in the peripheral area of the tumor tissue, and their peripheral location was associated with disease progression [143]. However, the infiltration of CD3+ and CD8+ T cells or CD68+ and CD163+ macrophages was not correlated with patients’ clinical features, such as age, gender, and tumor localization [143]. The highest density of CD163+ tumor-associated macrophages type 2 (M2) was observed in the high-grade ChS [143]. These results suggest the M2 cells participate in ChS progression through their role in angiogenesis, migration, and invasion [143,144]. M2 presence is associated with the increased expression of indoleamine 2,3-dioxygenase 1 (IDO). IDO is produced by activated macrophages and is involved in the inhibition of the immune response [145]. Besides CD163+ cells, the researchers also observed a population of CD68+, signal-regulatory protein alpha (SIRPA), and colony-stimulating factor 1 receptor (CSF1R+) TAMs, which are related to the metastatic status at diagnosis and the poor survival of patients with dedifferentiated ChS. [143].



On the contrary, the presence of CD3+, CD4+, and CD8+ TILs is correlated with less invasive ChS phenotype and longer overall survival of the patients [146]. Although the suppressive role of CD8+ cells in tumor development is quite clear, CD4+ cells can interact dually and convert from anti-tumor to pro-tumor role [147]. As observed in dedifferentiated ChS, another population of immune cells are regulatory lymphocytes, such as CD3+ Forkhead box P3 (Foxp3)+ cells. These cells were more often observed in metastatic tumors in comparison to the primary ChS tumors [148,149]. Helper T cells (CD3+CD8−), in contrast to regulatory T cells, are more often observed in primary tumors but not in metastases [148]. The same study demonstrated the presence of markers of activated and immunosuppressive macrophages—CD163+CD14+—both in the primary and metastatic tumors. [150]. Furthermore, Richert et al. showed that, in both conventional and dedifferentiated ChSs, TAMs are found at a higher density than TILs [143].



Although ChS immunophenotype data is not extensive, several markers involved in the immune escape of ChSa were described (Figure 2). PD-1 and PDL-1/PDL-2 (programmed cell death ligand-1, B7-H1/programmed cell death ligand-2, B7-DC) are expressed in tumor cells or tumor-associated lymphocytes and macrophages [145,148,150]. Both PD-1 and PDL-1/PDL-2 are expressed in ChS [151,152]. The PDL-1 expression has been correlated with poor survival [143,150,151]. PDL-1 binds to PD-1 on TILs and inhibits T-cell functions, resulting in tumor immune escape [142]. The PD-1/PDL-1 interaction also decreases cytokine production and induces anergy and apoptosis of T cells [142,150]. PD-1 is also expressed on B cells or NK cells and play a role in their decreased activity during tumor growth [145]. The increased expression of PDL-1 was reported in dedifferentiated ChS (>40%), and it was associated with human leukocyte antigen 1 (HLA-1) expression [143,148]. The PD-1+ T cells were observed in both conventional and dedifferentiated ChS at a similar level; however, the PD-1 expression correlated with PDL-1+ tumor cells only in the case of the dedifferentiated subtype [143]. On the other hand, in other studies, PDL-1 was observed in 1% of conventional ChS [153]. PDL-1 expression was also significantly associated with poor overall survival in ChS and osteosarcoma [151], and it was significantly related to a younger age (<30 years), a larger tumor size (>10 cm), an advanced tumor grade, and an earlier recurrence. In comparison, PDL-2 was linked only with an earlier recurrence and a lower age of patients [152]. The association of these ligands with a higher clinical stage, the presence of metastases, a higher histological grade, poor differentiation, and tumor necrosis has also been reported in many soft tissue sarcomas [154].



In the downregulation of immune response, some exhaustion T cell markers are also important, such as T cell immunoglobulin and mucin domain-containing protein 3 (TIM-3), as well as CD223, lymphocyte activation gene-3 (LAG-3). TIM-3 is detected on many types of immune cells, including T and B cells, regulatory T cells, dendritic cells, macrophages, natural killer cells, and mast cells [155]. Besides the increased expression of TIM-3 on tumor-associated lymphocytes [155,156], the expression of TIM-3 was also observed on cancer and sarcoma cells [157], including conventional and dedifferentiated ChS [143]. TIM-3 co-expression with PD-1 can also inhibit T helper 1 cells [145]. Furthermore, TIM-3 expression in NK cells was correlated with disease progression in many cancers [155]. A similar observation has been made with respect to LAG-3, expressed by tumor-associated lymphocytes, which also correlated with PDL-1+ expression [158], including co-expression in ChSs [143]. Blockade of LAG-3 and/or TIM-3 proteins can be a novel potential therapy in ChS. This has been already tested in the first clinical trials, including these with a combination of TIM-3, LAG-3, and PD-1 inhibitors [155,158].



The PD-1/PDL-1 interaction inhibits T cell activation directly, while the inhibitory effect of the next important immune checkpoint, cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), has another mechanism of action [150,159]. This receptor is expressed on previously activated T cells, for example, in regulatory lymphocytes or CD8+ effector T cells [150]. The inhibition of the immune response, in this case, is caused by competition between CD28 and CTLA-4 binding to B7-1/2 (CD80/86) [150]. After T cell activation by CD28 and CD80/86 interaction, CTLA-4 is transported to the T cell surface, where it binds to B7-1 and B7-2 with greater affinity than CD28. As a result, it downregulates the immune response [150]. CTLA-4 plays the primary role in decreasing immune response by inhibiting helper T cell activation and enhancing regulatory T cell (TREG) immunosuppressive activity [145,150]. The CTLA-4 receptor blockade increases CD8+ T cell activation and depletes regulatory T cell action, which has been successfully used in the treatment of melanoma and carcinomas [160]. In conventional and dedifferentiated subtypes of ChS, CTLA-4 was observed at a low level [143].



Another receptor, connected with CTLA-4 and overexpressed in many tumors, is B7 homolog 3 (B7-H3, CD276). It also competitively binds CD28 and consequently inhibits activation, proliferation, and cytokine production of T cells [150]. B7-H3 overexpression was observed in conventional and dedifferentiated ChS at the same level [143]. Moreover, high expression of B7-H3 has been noted in 91.8% of osteosarcoma tissues, which correlated with the increased number of TILs, shorter times of survival, and recurrence in patients [161].



In ChS studies, researchers also identified high expression of CD44 (phagocytic glycoprotein 1, PGP-1)—a tumor stem cell marker, but also a lymphocyte homing receptor and a receptor for hyaluronan, osteopontin (OPN), collagens, and MMPs [33]. CD44 overexpression was typical in high-grade ChSs, and it was correlated with metastatic potential and poor survival [33]. Moreover, CD44 was shown to act as a cofactor for fibroblast growth factor 2 (FGF2), which is related to ChS invasion and its resistance to doxorubicin [33,162].



Similarly to many other tumors, including sarcomas or melanoma, New York esophageal squamous cell carcinoma 1 (NY-ESO-1), a well-known cancer-testis antigen (CTA), has also been found in ChS [163]. Its level was increased in conventional and dedifferentiated ChS, in contrast to clear cell and mesenchymal ChS [164]. NY-ESO-1 can cause spontaneous humoral and cellular immune responses, which, together with its restricted expression pattern, have made it another good potential candidate for cancer immunotherapy [163]. This fact has also been reported in the treatment of ChS cells with 5-aza-2-deoxycitabine, which increased the expression of some CTAs, and yielded NY-ESO-1 and preferentially expressed antigen of melanoma (PRAME) specific CD8+ T cells to recognize and lyse ChS cell lines [165].



The best effects in ChS treatment, using immunotherapy, were observed in combined therapies in dedifferentiated ChS [10,150]. Despite some preclinical trials of multiple immune checkpoint blockades, there were no satisfying effects and not enough data. For this reason, there is still an urgent need to find new immune checkpoints as a future goal in directed ChS treatment.




8. Conclusions


ChS is a very rare and still not well-characterized sarcoma subtype. It is highly heterogeneous and is difficult to treat. Although much has already been discovered in many areas of tumor genetics, there are still many unknowns. The biology of ChS is challenging to investigate because of its low frequency of occurrence. For these reasons, there is still a strong need for further research on the molecular bases of ChS. This could be helpful in searching for new therapies and prognostic factors and may help to improve the treatment of these tumors in the future.
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Figure 1. Chondrosarcoma stem cell (ChSC) markers. ChSC markers overlap with embryonic stem cells (ESCs), mesenchymal stem cells (MSCs), and cancer stem cells (CSCs). 
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Figure 2. Immunological-molecular overview of chondrosarcoma (ChS) biology. Immune cell markers (PDL-1/2, B7-H3, and MHC), mesenchymal stem cell markers (CD44), and the tumor microenvironment (TME), in which the primary role is played by tumor-infiltrating lymphocytes (TILs) and tumor-associated macrophages (TAMs), especially the M2 type, participate in ChS pathogenesis and immunosuppression. Other important factors involved in ChS progression are deregulations in molecular pathways (PI3K/AKT/mTOR and hedgehog), epigenetic modifications (trimethylation of H3K4, H3K9, H3K27), and gene mutations (PTEN, TSC1, IDH), which together characterize the tumor. 
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Table 1. Genetic fusions and chromosomal aberrations in chondrosarcoma. Modified and based on [66].
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Sarcoma Type

	
Genes

	
Chromosomal Aberrations






	
Soft tissue chondroma

	
HMGA2-LPPa

	
t (3;12) (q28; 214)




	
Mesenchymal chondrosarcoma

	
HEY1-NCOA2b

	
del (8) (q13; q21)




	
IRFBP2-CDX1c

	
t (1;5) (q42; q32)








a High mobility group A2 (HMGA2); LIM domain containing preferred translocation partner in lipoma/lipoma preferred partner (LPP). b Hairy/enhancer-of-split related with YRPW motif protein 1 (HEY-1); nuclear receptor coactivator 2 (NCOA2). c Interferon regulatory factor 2-binding protein 2 (IRFBP2); caudal type homeobox 1 (CDX1).
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