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Abstract

:

Despite the considerable advances in diagnostic methods in medicine, central nervous system (CNS) tumors, particularly the most common ones—gliomas—remain incurable, with similar incidence rates and mortality. A growing body of literature has revealed that degradation of the extracellular matrix by matrix metalloproteinases (MMPs) might be involved in the pathogenesis of CNS tumors. However, the subfamily of MMPs, known as disintegrin and metalloproteinase (ADAM) proteins are unique due to both adhesive and proteolytic activities. The objective of our review is to present the role of ADAMs in CNS tumors, particularly their involvement in the development of malignant gliomas. Moreover, we focus on the diagnostic and prognostic significance of selected ADAMs in patients with these neoplasms. It has been proven that ADAM12, ADAMTS4 and 5 are implicated in the proliferation and invasion of glioma cells. In addition, ADAM8 and ADAM19 are correlated with the invasive activity of glioma cells and unfavorable survival, while ADAM9, -10 and -17 are associated with tumor grade and histological type of gliomas and can be used as prognostic factors. In conclusion, several ADAMs might serve as potential diagnostic and prognostic biomarkers as well as therapeutic targets for malignant CNS tumors. However, future research on ADAMs biology should be performed to elucidate new strategies for tumor diagnosis and treatment of patients with these malignancies.
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1. Malignant Tumors of the Central Nervous System (CNS)—General Characteristics


Primary tumors of the central nervous system (CNS) represent approximately 2% of all cancer cases worldwide. These tumors belong to a highly heterogeneous group of neoplasms with variable disease courses and different patient prognoses. Brain tumors comprise different types of primary brain tumors and a variety of secondary neoplasms [1,2]. Primary CNS tumors represent a range of low as well as high-grade neoplasms. Based on the World Health Organization (WHO) classification, the histological grading system of CNS tumors is presented as grades–from I to IV, where grades I and II are low-grade tumors, whereas grades III and IV are classified as high-grade neoplasms [1,2]. CNS tumors are also divided into categories, including tumors of the cranial and paraspinal nerves, and neuroepithelial tissue, tumors of the meninges and the sellar region, lymphomas and hematopoietic neoplasms as well as germ cell and metastatic tumors, while primary brain tumors are classified based on cellular origin and histological appearance [3]. It has been estimated that the most common malignancy of CNS are tumors of neuroepithelial origin–gliomas, which account for over 40 percent of all primary malignant CNS tumors [1,2].



Gliomas occur primarily in the brain and are derived from the cellular elements of the glia, i.e., astrocytes and oligodendrocytes. Meningiomas arise from meningothelial cells and account for approximately 30% of all malignant CNS neoplasms. In addition, low-grade infiltrating gliomas (LGG) of the cerebral hemispheres are currently classified as grade II tumors and include oligoastrocytomas, astrocytomas and oligodendrogliomas. They often develop in young patients and are characterized by longer-term survival in comparison with high-grade gliomas (HGG). However, around 50 percent of grade II gliomas may progress to high-grade gliomas within five years [4,5]. In addition, grade III glial tumors consist of anaplastic astrocytoma, mixed anaplastic oligoastrocytoma and anaplastic oligodendroglioma, whereas grade IV represents glioblastoma (GBM) which accounts for approximately 55% of all neuroepithelial tumors in adult patients [6].



There are two different types of GBM, primary and secondary. Around 90% of all GBM occur as primary GBM (PrGBM) and develop de novo, without a pre-existing lower-grade glioma. CNS tumors of this type are common in patients aged over 60 years. Approximately 10% of CNS tumor cases are secondary GBM tumors (ScGBM) that commonly arise from pre-existing tumors, such as grade II or III astrocytomas or mixed gliomas, and are typical of patients younger than 45 years [4,5]. Both types of GBM have similar histology, but are characterized by distinct genetic alterations, such as mutations in isocitrate dehydrogenase (IDH) or 19q and 22q loss of heterozygosity [7,8,9]. Therefore, these tumors should be considered as two different diseases [10].



Unfortunately, the etiology of CNS tumors, particularly GBM, is still poorly understood. However, it has been reported that genetic alterations such as mutations, loss of telomerase, activation of oncogenes and induction of aneuploidy as well as epigenetic and molecular changes play a potential role in the development of CNS tumor, including gliomas [2,11,12,13]. Epigenetic modifications such as DNA and RNA methylation as well as histone modifications have been proven to participate in the cancer stem cells (CSCs) formation. Therefore, some authors suggest that identifying CSCs and targeting epigenetic pathways may offer new insights into the treatment of cancer [14]. In addition, epigenetic mechanisms might play a role in CNS tumors via synthesis and deposition of collagens into the brain parenchyma combined with enhanced MMPs activity, which can facilitate rapid invasion of tumor cells through the brain. Therefore, it is suggested that the epigenetic mechanisms which control MMPs, TIMPs and collagens activities may represent promising drug targets in the future [14]. Additionally, gliomas are able to induce changes in normal gene expression without altering the DNA sequence. Aberrant epigenetic mechanisms, including histone modifications, DNA methylation, chromatin remodelling or altered noncoding RNA expression have been proven to be relevant in the process of CNS tumor formation. The majority of investigations have focused on DNA methylation, including hypermethylation of CpG islands which is associated with tumor-suppressor gene silencing. In addition, gene-specific hypomethylation, resulting in aberrant activation of oncogenes as well as genome-wide hypomethylation are also indicated as epigenetic changes in GBM. Furthermore, multiple alterations in the DNA methylation pattern of promoters of genes involved in cell cycle regulation, such as CDKN2A-p16INK4a, tumor suppression including RB, VHL or epithelial membrane protein 3 (EMP3), DNA repair and genome integrity (e.g., MGMT and hMLH1) as well as genes associated with the regulation of tumor invasion and inhibition of apoptosis, such as DAPK1, TIMP3, CDH1, PCDHGA11 and TMS1/ASC have been also found as epigenetic alterations presented in gliomas [15,16]. Moreover, various environmental risk factors, including alcohol and tobacco use, mobile phone use, exposure to chemical agents (pesticides), head trauma, injury, exposure to low-frequency electromagnetic fields and N-nitroso compounds as well as infections may also increase the risk of developing a brain tumor. However, previous exposure to high-dose ionizing radiation is the only proven risk factor for these neoplasms [12,13]. Typical symptoms of CNS tumors include persistent headache, nausea, seizures, vomiting, neurocognitive symptoms and altered mental functions, such as personality changes. Other clinical symptoms in patients with brain tumors are: cognitive dysfunction, including changes in memory, orientation, attention, executive function, language abilities, personality and performance of daily activities [12].



The incidence of selected histological CNS tumor types may vary between different age groups. It has been shown that intracranial tumors in individuals aged over 65 years are almost five times more frequent when compared to populations under 20 years of age [17,18].



Despite the significant advances in diagnostic methods in modern medicine, glioblastoma remains incurable, with similar incidence rates and mortality [18]. Grade IV GBM are characterized by the poorest prognosis among all CNS tumors, while secondary and primary GBM have unfavorable outcome, with a median survival time shorter than one year after diagnosis. In addition, it was also reported that the median survival time of GBM patients is 6 months from diagnosis without treatment, whereas survival time can increase to around 15 months if patients receive treatment [19].




2. Diagnosis of Central Nervous System (CNS) Tumors


Imaging techniques are helpful in the diagnostic process of CNS tumors, including the initial work-up and follow-up as well as in the evaluation of treatment effectiveness in patients with these neoplasms. These methods are performed to assess tumor location and progression and identify its recurrence [12].



Despite the advances in structural and functional brain imaging techniques, patient survival rates are still not satisfactory. Unfortunately, neuroimaging methods are characterized by a lack of specificity for differentiation of brain tumors. Numerous investigations have led to insufficient improvement, thus tumor grading and typing are evaluated by the histopathological assessment of tissue samples, which requires surgical intervention [20]. Therefore, new approaches to the diagnosis and prognosis of CNS neoplasms are sorely needed, particularly for malignant tumors of the CNS. The easily available biochemical markers, useful in monitoring the disease course, differential diagnosis and planning of surgical interventions will improve the diagnosis of CNS tumors, particularly in the early stages of the disease [21,22].



In routine clinical management, it is only the measurement of concentrations of beta subunit of human chorionic gonadotropin (β-HCG) and alfa-fetoprotein (AFP) that are well-established biochemical tumor markers in the diagnosis of rare pediatric germ cell tumors. Moreover, the assessment of pituitary gland hormone levels in the diagnosis of pituitary tumors is also used [23,24]. Unfortunately, these biomarkers are typical only of specific and very rare types of CNS neoplasms. In addition, several authors have evaluated the levels of plasma neuropeptide Y (NPY), brain-derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic factor (GDNF), placental growth factor (PlGF), S100B, interleukin 8 (IL-8) and glial fibrillary acidic protein (GFAP) in patients with different types of CNS tumors [21]. The authors concluded that all plasma concentrations of these indicators were correlated to patient parameters, including neuropathological diagnosis and neuroradiological features. However, only GFAP and PlGF were potentially useful as clinical biomarkers, which may support neuroradiological differentiation between diagnosis of GBM and intracerebral metastasis [21]. Thus, there are no blood biomarkers that have been well-investigated in the diagnosis of CNS neoplasms. Consequently, new biochemical tumor markers are sorely needed [23,24].



Various clinical investigations suggest the regulatory role of selected proteins such as cytokines, chemokines and their receptors in the pathogenesis of gliomas, particularly in the evasion of tumor cells from immunosurveillance, proliferation of tumor cells, transition from low to high-grade gliomas as well as angiogenesis within the tumor [25,26]. Moreover, many authors indicate the role of selected matrix metalloproteinases (MMPs) and their tissue inhibitors (TIMPs) in the development and progression of malignancies of CNS. The authors have revealed that these proteins might be used as potential biomarkers of human tumors, including CNS neoplasms. MMPs possess the ability to regulate many processes, including survival, angiogenesis, inflammation and signaling. As these proteases are able to degrade all ECM components, abnormal MMPs function may lead to pathological conditions. Accordingly, numerous studies have linked MMPs to pathogenesis in CNS. It is suggested that these enzymes have also been associated with the development and progression of CNS tumors such as malignant gliomas [27].



Remodeling of the ECM is crucial for tumor cell progression, including proliferation, angiogenesis and survival, thus an extensive body of literature links MMPs to tumor invasiveness, particularly metastasis [28]. Certain clinical investigations have reported increased expression of MMPs in brain tumors in situ and in vitro. The authors have revealed upregulation of the levels of MMP-2, -9 and all MT-MMP members in high-grade GBM when compared to lower-grade cases and non-transformed control brains [29]. The authors have indicated that the expression of MMPs and TIMPs as well as MT1-MMP are involved in many aspects of the pathophysiology of malignant gliomas [30,31]. Moreover, MMP-2, MT1- and MT2-MMP have been localized in glioma cells. The researchers concluded that MMP-2 and MT-MMPs might regulate glioma invasiveness, while MMP-9 plays a crucial role in angiogenesis within the tumor. In addition, the ability of various glioma lines to migrate across a reconstituted basement membrane in vitro is associated with enhanced MMP2 expression [32].



Quantitative research has revealed upregulated levels of other proteases such as uPA (a serine protease) and its receptor uPAR as well as cathepsin B (a cysteine protease) in CNS tumors [33,34]. However, ADAMs (transmembrane and secreted proteases) are unique among cell-surface proteins because of both adhesive and proteolytic activities. Some authors believe that these proteins might be promising biochemical markers involved in the pathogenesis of CNS tumors. Therefore, the objective of this review is to acquaint the reader with the biology of ADAM family members, particularly their significance in the pathogenesis of CNS tumors, especially the most frequent and deadly type–gliomas. Moreover, we will highlight the utility of ADAMs as potential biochemical biomarkers in the diagnosis of these malignancies and patient prognosis.




3. A Disintegrin and Metalloproteinase (ADAM)—General Information


A Disintegrin and Metalloproteinases (ADAMs), also known as disintegrin, cysteine-rich (MDC) proteins, belong to the superfamily of zinc-dependent metalloproteinases. They are able to regulate the shedding of membrane-bound proteins, growth factors, cytokines, ligands and receptors. The structure of most ADAMs consists of a prodomain, a MMPs region, a disintegrin domain, a cysteine-rich motif, epidermal-growth-factor (EGF) repeats, a transmembrane module and a cytoplasmic tail [27,35,36,37]. Thus, these proteins are unique among cell-surface proteins because of both adhesive and proteolytic activities. Furthermore, the cysteine-rich region and EGF repeats are believed to mediate cell fusion or the interaction of ADAMs with other molecules [38,39,40]. Most ADAMs are transmembrane proteins. However, some ADAMs, e.g., ADAM 11, -12, -17 and -28 have the ability to generate a soluble, secreted protein. Around half of the ADAM family proteins have a metalloproteinase domain that contains the catalytic site consensus sequence, and in these proteins this domain possesses other functions such as allowing protein–protein interactions [27,35]. A Disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) is a family of secreted enzymes closely related to ADAMs since they have a pro-domain, and a metalloproteinase, disintegrin and cysteine-rich domain. ADAMTS have characteristic thrombospondin motifs instead of a transmembrane domain [27,35,36,37]. A comparative structure of a disintegrin and metalloproteinase ADAMs family members is presented in Figure 1.



Biological functions of ADAM family proteins include cell adhesion, sperm–egg fusion (e.g., ADAM 1, -2), ectodomain shedding of cell-surface proteins (ADAM9, -10 and -17), myoblast fusion (ADAM12) [27,36]. Therefore, these enzymes demonstrate several abilities and participate in multiple processes, including cell proliferation and migration, angiogenesis, apoptosis, tissue repair, wound healing and survival. ADAMs are involved in pathological conditions such as cardiovascular and malignant diseases as well as CNS disorders, including brain tumors [41,42]. The activity of ADAMs and ADAMTS is mainly controlled by endogenous inhibitors such as tissue inhibitors of metalloproteinases (TIMPs). Selected inhibitors and activators of metalloproteinases are presented in Figure 2. The members of the ADAM family are mostly activated by proprotein convertases. However, these proteins may also be regulated by G-protein coupled receptors (GPCRs) agonists, Ca2+ ionophores and protein kinase C activators. Some clinical investigations have proven that agonist-bound GPCRs are able to activate numerous MMPs, such as matrix metalloproteinase-3 (MMP3) and both gelatinases–matrix metalloproteinase-2 (MMP2) and matrix metaloproteinase-9 (MMP-9), as well as various members of the ADAMs family, including ADAM10, ADAM15 and ADAM17 [43,44,45,46]. It has been demonstrated that GPCRs bind ligands from the ECM or plasma membrane of adjacent cells, causing conveying cell–cell or cell–matrix interactions [47]. The activation of a receptor thorough binding with a ligand leads to changes in cellular processes, including cell migration, proliferation, neoangiogenesis and invasion of GBM [48]. Moreover, GPCR could be targeted for GBM therapies because of their role in controlling tumor pathogenesis through molecular interactions with oncogenic signaling pathways [48]. In addition, several ADAMs are kept in an inactive state via the interaction of a cysteine residue with zinc at the propeptide domain in the metalloproteinase module. Thus, similarly to MMPs, ADAMs is activated by the cysteine switch pathway, which interrupt the interaction of cysteine–zinc to show the catalytic site. The levels of ADAMs are also regulated at the transcriptional level. However, understanding of the physiological inhibitors of ADAMs is limited. Some investigations have revealed that only TIMP-3 inhibits the crystal structure of the protease domain of human ADAM17. Conversely, ADAM10 is inhibited by TIMP1 and -3, and by hydroxamates [33,49]. The authors conclude that TIMP3 is an inhibitor of several ADAM family members, including the ADAMTSs. However, little is known of other specific, endogenous non-TIMP ADAM inhibitors, thus further research is necessary [27,35].




4. A Disintegrin and Metalloproteinase (ADAM) in Brain Tumors


Despite being less widely studied than the remaining proteases such as MMPs, ADAM and ADAMTS are thought to be involved in the invasion of CNS tumors via their increased capacity to degrade the ECM [19]. The role of ADAMs in the biology of brain tumors remains to be defined [50]. Over 17 members of the ADAMs family are normally expressed in adult CNS–ADAM22 and -23 are expressed predominantly in the brain [51], while the expression of six ADAMs (ADAM9, -10, -12, -15, -17 and -19) is widespread. It has been established that ADAM17 is localized in astrocytes and endothelial cells in adult human brain [52], whereas ADAM8 has been detected in neurons and oligodendrocytes in the uninjured CNS of adult rats [53]. Thus, in our review we focus our discussion on selected ADAMs, such as ADAM8, -12, -15, -17 and -19 as well as ADMATS4 and 5, as several lines of evidence indicate their importance in malignant CNS tumors [52,54] (Table 1).



A disintegrin and metalloproteinase-12 (ADAM12) is a cell-surface glycoprotein containing metalloprotease, disintegrin, cysteine-rich and EGF-like domains which possess cell-binding and metalloprotease properties. ADAM12 is able to release of the extracellular parts of membrane-bound proteins, including glycoprotein non-metastatic melanoma protein B and basigin, heparin-binding-EGF, insulin-like growth factor 2-binding proteins 3 and 5, and oxytocinase [65,66,67,68]. It is reported that ADAM12 is predominantly localized in white and gray matter oligodendrocytes of rat and human CNS. In addition, in humans, ADAM12 occurs in two variants: membrane-anchored (ADAM12M) and secreted (ADAM12S) [69]. A study by Kodama et al. [55] using real-time quantitative polymerase chain reaction (RT-PCR) and the immunohistochemical method indicated that ADAM12M is highly expressed in human glioblastomas in comparison to non-neoplastic brain tissues, low-grade, anaplastic astrocytic tumors and intracranial neurinomas. In addition, in situ hybridization analysis demonstrated that glioblastoma cells were responsible for gene expression, while ADAM12M was mainly localized on the glioblastoma cells membranes, what was reported using immunohistochemical technique. Moreover, there was a direct correlation between mRNA expression of ADAM12M and the proliferative activity of gliomas. The authors confirmed that ADAM12M is highly expressed in human glioblastomas and indicated its role in the prominent proliferation of glioblastomas through shedding of heparin-binding EGF [55]. Interestingly, it was revealed that the signaling of EGF through the EGF receptor (EGFR) is implicated in the proliferative mechanism of glioblastomas [70]. A study by Kanakis et al. [57], which was performed using immunohistochemistry and RT-PCR methods, demonstrated the highest expression of ADAM12 in low-grade tumors. A study by Cesarini et al. [71] found that ADAM12 is also involved in the migration and invasion of glioblastoma cells. The authors reported that cellular immunostainings for ADAM12 and ADAM12 mRNA decreased with a higher histological grade of the tumor. The researchers concluded that ADAM12 might be a valuable diagnostic marker for several brain tumors [56,57].



A number of clinical investigations have shown that poor prognosis of patients with gliomas is caused by the aggressiveness of the tumor with a high probability of generating multiple metastatic growth lesions [36]. Some cell populations with an enhanced ability to self-renew and proliferate are considered to be the source of tumor development. These precursors, known as glioma stem cells or brain tumor initiating cells (BTICs), are believed to play a crucial role in the invasion and recurrence of multiple foci [72,73]. The expression of a disintegrin and metalloproteinase-9 (ADAM9) gene was significantly elevated in different BTIC lines [40]. Wildeboer et al. [54] investigated the levels of 12 cerebrally expressed ADAM genes in human primary brain tumors using RT-PCR and revealed that the mRNAs expression of five ADAMs–8, 12, 15, 17 and 19–were significantly upregulated. In addition, ADAM8 and ADAM19 proteins were located in neoplastic cells as well as in some tumors in the endothelia of blood vessels. Moreover, the authors, using specific peptide substrates for ADAM8 and ADAM19, indicated that these proteases exert increased proteolytic activity in tumors with highest expression levels [54]. Additionally, the protease activities and expression levels of ADAM8 and ADAM19 correlated with invasive activity of glioma cells, which suggests that these proteins might play a significant role in tumor invasion and may be associated with unfavorable survival [54]. Therefore, the researchers concluded that further research on ADAMs as potential targets in the therapy of primary brain tumors is sorely needed [54]. Moreover, a study by Fan et al. [58] examined the association between ADAM9 expression in lower-grade glioma (LGG) and glioblastoma (GBM) patients as well as progression-free survival and overall survival. The study demonstrated that GBM patients had significantly higher expression of ADAM9 in comparison to LGG patients, while among LGG patients, aggressive astrocytic tumors displayed significantly higher ADAM9 expression than oligodendroglial tumors [58]. In addition, elevated expression of this enzyme correlated with poor clinical outcomes in LGG patients, whereas multivariate analysis indicated that ADAM9 expression is proven to be an independent marker of poor survival [58]. The authors concluded that ADAM9 mRNA expression is associated with tumor grade and histological type in gliomas and may be used as an independent prognostic factor, particularly for survival in LGG patients [58].



A disintegrin and metalloproteinase-17 (ADAM17) has been demonstrated to be involved in proteolytic ectodomain shedding of several cytokines and membrane-bound growth factors. The elevated expression and/or activity of this protein has also been investigated in CNS tumors [59,74,75,76,77]. Thus, the authors investigated whether ADAM17 contributes to glioma progression and assessed its role in the invasion and proliferation of human glioma cells in vitro and tumor growth in vivo. The researchers revealed that ADAM17 promotes glioma cell proliferation, invasion and angiogenesis in vitro, and glioma cell growth in an animal model [74]. Moreover, a study by Chen et al. [75] determined that ADAM17 may play a role in promoting glioblastoma stem cell (GSC) invasion. It was demonstrated that CD133+ cells were found in human primary glioma tissues, which may suggest their significance in glioma invasiveness [75]. Using immunofluorescence staining the authors indicated that elevated expression of ADAM17 at the invasive front was associated with the presence of CD133+ GSCs in human glioblastoma via activation of the EGFR/PI3K/AKT signaling pathway (EGFR ligand-binding induces receptor self-dimerization, autophosphorylation and subsequently activates downstream PI3K/AKT) [76]. Therefore, these findings suggest that ADAM17 is able to mediate the invasive process in glioblastoma stem cell and may be used as therapeutic target for treatment of glioma [77]. A similar study was performed by Wu et al. [59] who showed that ADAM17 expression was significantly associated with the WHO histological grade of the glioma. Thus, the levels of this protein increased with tumor grade and were upregulated in high-grade glioma tissues compared to low-grade and normal brain tissues. In addition, the survival rate of patients with ADAM17-positive tumors was lower compared to individuals with ADAM17-negative tumors. These findings suggest that the overexpression of ADAM17 is correlated with a high tumor grade and a poor prognosis of glioma patients and may be a potential diagnostic and therapeutic target [59].



A study by Qu et al. [60] using RT-PCR, Western blot analysis and immunohistochemistry assessed mRNA and protein expression levels of a disintegrin and metalloproteinase-10 (ADAM10) in glioma cells. The expression of ADAM10 was significantly elevated in low-grade glioma samples compared with the control group (meningioma), while being further increased in high-grade glioma samples, which may suggest that mRNA and protein expression levels of ADAM10 are closely associated with glioma grade in a malignancy-dependent pattern [60]. In addition, ADAM10 protein was found on the tumor cell membrane and blood vessel walls within tumor tissues, which was assessed using immunohistochemical analysis. The authors concluded that ADAM10 expression correlates with the grade of malignancy in human glioma and may indicate an important biological role of ADAM10 in glioma growth and development, particularly the invasiveness of gliomas as well as in peritumoral edema formation [60]. Moreover, the most recent publications demonstrate that ADAM10 inhibitors might be used in the treatment of glioma patients [78]. ADAM10 is able to cleave numerous substrates including e.g., programmed death-ligand 1 (PD-L1), EGFR/HER ligands or the MHC class I-related molecules (MIC-A, and MIC-B) expressed by malignant cells. The authors have proposed several mechanisms involved in the promotion of GBM by ADAM10. Neuroligin-3 (NLGN3) levels have been linked to high-grade GBM, stimulating proliferation of GBM cells via e.g., prooncogenic gene expression through focal adhesion kinase (FAK) and synapse-related gene expression [79,80]. Another pathway implicates the cleavage of N-cadherin by ADAM10′s in cell migration and metastasis, thus treatment of GBM cell lines with an antibody to inhibit ADAM10 decreased tumor growth and migration [81]. In addition, natural killer cells (NKs) have been proven to stimulate an immune response against GBM and these cells are associated with improved prognosis of glioma patients [82]. NK cells recognize GBM by binding ligands to the NK cell-activating (NKG2D) receptors that are expressed in malignant cells. The authors concluded that ADAM10 seems to be a therapeutic candidate to target GBM due to its ability to cleave multiple substrates implicated in disease progression [78].



Other studies have examined the elevated expression of ADAMTS4 and ADAMTS5 (a disintegrin and metalloproteinase with thrombospondin motifs 4 and 5) in glioma samples on the mRNA and protein levels [61,83]. Using RT-PCR the authors proved that selected gliomas express ADAMTS4 and -5 when grown in situ, while GBM samples demonstrated the highest expression of these proteins, implicating these factors in malignancy [61]. In addition, the levels of ADAMTS4 and 5 were more elevated in solid GBM tumor samples in situ than in cultivated glioblastoma cells. The authors concluded that these differences are not due to the production of ADAMTS4 and 5 by other cells in solid tumors, but might be a result of their upregulation by growth factors and cytokines produced by tumor cells [61,62]. Interestingly, immunohistochemical double-labeling has revealed that the expression of these proteins is restricted to GBM and astroglial cells, whereas the discrepancies in ADAMTS levels between sample sources are associated with the nature of their regulation in vivo. The authors concluded that ADAMTS4 and 5 are upregulated in proliferating glioblastoma cells and these proteases may promote their invasive potential [61]. Moreover, ADAMTS4 mRNA is expressed by glioma cell lines with invasive properties and the cleavage of brevican by this enzyme is closely associated with the invasiveness of brain tumors [61,62,83,84,85,86]. Interestingly, inhibitors of ADAMTS could potentially serve to limit glioma migration [83].



A study by Dunn et al. reported that the expression of ADAMTS8 is downregulated in brain tumors in comparison to a normal brain [76]. The researchers indicated that mRNA levels were reduced at least twofold in 100% tumors and glioma cell lines tested. Moreover, immunohistochemical analysis revealed decreased levels of ADAMTS8 in 77% of brain tumors tested compared to non-neoplastic tissue, while this protein was undetectable in 67% of tumors in Western blot method. These findings, as well as studies by other authors, suggest that ADAMTS8 is downregulated in cancers and demonstrate its role in brain tumorigenesis [63,64,87].




5. Conclusions


Although it is important to develop new treatment modalities, a more comprehensive knowledge of CNS tumors, particularly the pathogenesis of GBM, is crucial to improve the diagnostic process of these neoplasms. In contemporary medicine, no curative therapy is known for the most common malignant brain tumors–gliomas, and there is no therapeutic approach that significantly prolongs the life of patients with this malignancy. Therefore, the biology of CNS tumors must be studied to improve the diagnosis of these tumors and patient prognosis as well as to define potential targets for therapeutic approaches. Studies performed on malignant gliomas have achieved considerable progress, but to a large degree the disease is still incurable. The median survival time for patients with high-grade gliomas is no more than 15 months, mostly due to their aggressiveness with a high probability of generating multiple metastatic growth lesions.



The significance of selected MMPs and TIMPs in CNS neoplasms has been studied extensively in CNS tumors. However, ADAMs are unique among cell-surface proteins because of both adhesive and proteolytic activities. Therefore, in our review we have summarized the current body of knowledge concerning the role of selected ADAMs and ADAMTS in the development of CNS neoplasms. We have also highlighted several ADAM proteins associated with CNS tumors, particularly the most common and deadly type of CNS tumors–gliomas.



A number of clinical investigations suggest that the proteins of the ADAMs family are involved in different features of glioma behavior, including migration of cancer cells and ectodomain shedding of immune receptors or/and various growth factors. The overexpression of several ADAMs in selected brain tumors, particularly glioblastomas has been described. It has been proven that ADAM12, ADAMTS4 and 5 are implicated in the proliferation and invasion of glioma cells. ADAM8 and ADAM19 are correlated with the invasive activity of glioma cells and may be associated with unfavorable survival, while ADAM9 is associated with tumor grade and histological type in gliomas and might be an independent prognostic factor, especially in LGG patients. In addition, ADAM17 is correlated with a high tumor grade and poor prognosis in patients with glioma and may be a potential diagnostic and therapeutic target, whereas ADAM10 is associated with glioma grade in glioma growth and development, particularly the invasiveness of the glioma. ADAMTS8 is downregulated in brain cancers and may play a role in brain tumorigenesis.



In conclusion, several ADAMs and ADAMTS can serve as potential diagnostic and prognostic biomarkers as well as therapeutic targets for CNS tumors. However, there is a need for research into novel approaches exploring the potential usefulness of these enzymes in the diagnosis of CNS tumors and prognosis of patients with these neoplasms via elevated changes in the profile of these proteins in different histological types of the tumor and stages of the disease. Although enhanced levels of selected ADAMs and ADAMTS have been correlated with CNS tumor progression, the regulatory mechanisms responsible for this multistep process are still poorly understood. Therefore, future investigations need to be evaluated before these proteins can be used as biomarkers of specific types of CNS neoplasms.
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Figure 1. Comparative structure of a disintegrin and metalloproteinase ADAMs family members [27,35,36,37,38]. EGF, epidermal growth factor; MMPs, matrix metalloproteinases. 
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Figure 2. Selected inhibitors and activators of matrix metalloproteinases (MMPs). 
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Table 1. The significance of selected ADAM family members as potential biomarkers of CNS tumors.
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ADAMs/ADAMTS

	
Method

	
Results

	
Literature






	
ADAM12

	
RT-PCR

Immunohistochemistry

	
Markedly enhanced expression in brain tumors.

	
[55]




	
RT-PCR

Gelatin zymography

Immunoblotting

	
Involved in the migration and invasion of glioblastoma cells.

	
[56]




	
RT-PCR

Immunohistochemistry

	
Expression decreased with higher histological grade of the tumor.

Helpful tool in the diagnosis of brain tumor.

	
[57]




	
ADAM8, -12, -15, -17, and -19

	
RT-PCR

Immunoblotting

Immunohistochemistry

	
Elevated expression of ADAM8 and ADAM19 and protease activities correlate with invasive activity of glioma cells.

A significant role of ADAM8 and ADAM19 in tumor invasion.

	
[54]




	
ADAM9

	
Read Mapping and Expression Analysis of RefSeq Genes

	
mRNA expression is associated with tumor grade and histological type in gliomas and may be used as an independent prognostic factor, particularly in LGG patients.

	
[58]




	
ADAM17

	
RT-PCR

Western blot analysis

Immunohistochemistry

	
Overexpression is correlated with a high tumor grade and poor prognosis in patients with glioma.

Potential diagnostic and therapeutic target.

	
[59]




	
ADAM10

	
RT-PCR

Western blot analysis

Immunohistochemistry

	
Expression is closely associated with glioma grade in a malignancy-dependent pattern. Important biological role in glioma growth and development, particularly the invasiveness of gliomas.

	
[60]




	
ADAMTS4, -5

	
RT-PCR

	
Expression is upregulated in proliferating glioblastoma cells and these proteases may promote their invasive potential.

	
[61,62]




	
ADAMTS8

	
RT-PCR

Western blot analysis

Immunohistochemistry

	
Expression of ADAMTS8 is downregulated in brain tumors in comparison to normal brain.

A role in brain tumorigenesis.

	
[63,64]
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