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Abstract

:

Simple Summary


Studies of various types of cancers have found proline metabolism to be a key player in tumor development, involved in basic metabolic pathways, regulating cell proliferation, survival, and signaling. Here, we systematically searched the literature to find data on proline metabolism in malignant glial tumors. Despite limited availability, existing studies have found several ways in which proline metabolism may affect the development of gliomas, involving the maintenance of redox balance, providing essential glutamate, and affecting major signaling pathways. Metabolomic profiling has revealed the importance of proline as a link to basic cell metabolic cycles and shown it to be correlated with overall survival. Emerging knowledge on the role of proline in general oncology encourages further studies on malignant gliomas.




Abstract


Background: Proline has attracted growing interest because of its diverse influence on tumor metabolism and the discovery of the regulatory mechanisms that appear to be involved. In contrast to general oncology, data on proline metabolism in central nervous system malignancies are limited. Materials and Methods: We performed a systematic literature review of the MEDLINE and EMBASE databases according to PRISMA guidelines, searching for articles concerning proline metabolism in malignant glial tumors. From 815 search results, we identified 14 studies pertaining to this topic. Results: The role of the proline cycle in maintaining redox balance in IDH-mutated gliomas has been convincingly demonstrated. Proline is involved in restoring levels of glutamate, the main glial excitatory neurotransmitter. Proline oxidase influences two major signaling pathways: p53 and NF- κB. In metabolomics studies, the metabolism of proline and its link to the urea cycle was found to be a prognostic factor for survival and a marker of malignancy. Data on the prolidase concentration in the serum of glioblastoma patients are contradictory. Conclusions: Despite a paucity of studies in the literature, the available data are interesting enough to encourage further research, especially in terms of extrapolating what we have learned of proline functions from other neoplasms to malignant gliomas.
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1. Introduction


In the adult population, glioblastoma (GBM), astrocytoma grade 3 and 4, and oligodendroglioma grade 3 are the most common primary malignant brain tumors [1,2]. While contributing to only 2% of all malignancies, gliomas cause a disproportionate amount of cancer-related morbidity and mortality. Even with optimal treatment, the median survival following a diagnosis of GBM is no more than 2 years [3,4]. Despite tremendous efforts, for almost two decades after introducing the current treatment regimens, there has been no significant breakthrough in therapy [5].



The role of proline has been shown to be prominent in the biology of several neoplasms because of the significant influence that proline exerts on life-defining metabolic cycles, i.e., the tricarboxylic acid cycle (TCA), glycolysis, the urea cycle, and the pentose phosphate pathway (PPP) [6,7]. Additionally, in recent years, ample evidence has been found linking proline metabolism with crucial regulatory pathways, e.g., amino acid response (AAR), phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt), mammalian target of rapamycin (mTOR), extracellular signal-regulated kinase (ERK), the Janus kinase/signal transducers and activators of transcription (JAK/STAT), and ROS-driven signaling [8]. In contrast to general oncology, our knowledge pertaining to the role of proline in the biology of malignant gliomas is limited. Nevertheless, it would appear that the time is ripe to consider proline metabolism in gliomas. Specifically, it has been already shown that mutation of IDH—an enzyme participating in the TCA cycle—results in the accumulation of D-2 hydroxyglutarate (2-HG), which is a typical oncometabolite, but is produced from αKG, which in turn is a metabolite of proline [9,10,11,12]. Thus, proline-focused insight into glioma biology might provide a promising extension to our knowledge, with the potential to discover new and hopefully more effective therapies for these hitherto unconquerable tumors.



Proline—“An Essential Non-Essential Amino Acid”


The metabolism of proline (Figure 1) is uncoupled from other non-essential amino acids (NEAAs) because of the unique, cyclic structure of the alpha-amino group contained within a pyrrolidine ring. Therefore, proline cannot be processed with standard decarboxylases, aminotransferases, and racemases but depends on a dedicated set of enzymes [13,14]. Given their strategic position, the enzymes of proline metabolism become both targets and effectors in several regulatory mechanisms [15].



The only enzyme that is capable of cleaving proline from the dipeptide C-terminus is prolidase (PEPD). Prolidase is expressed ubiquitously and has an essential role in the turnover of collagen, up to 25% being built from proline [16]. Genetic defects affecting prolidase, such as prolidase deficiency in autosomal recessive mutations of the PEPD gene, affect organs that are highly dependent on the quality of collagen, i.e., the skin and musculoskeletal system. Prolidase deficiency also manifests with severe mental retardation, hypothetically due to impaired proline turnover resulting in failed neural migration during the development of the central nervous system (CNS) [17,18]. High levels of prolidase activity in the hippocampus and cerebellum have been reported in adult male rat brains. Elevated prolidase activity has been found to induce N-methyl-D-aspartate (NMDA) receptor dysregulation by increasing plasma proline levels in schizophrenia. On the other hand, decreased prolidase activity in patients with post-traumatic stress disorder has been associated with hippocampal damage [19].



Further catabolism of proline takes place in the mitochondrial matrix by means of the flavin-dependent enzyme proline oxidase/proline dehydrogenase (POX/PRODH). The enzyme, through flavin adenine dinucleotide (FAD), donates electrons through ubiquinone to the electron transport chain (ETC), producing ATP, or electrons are transferred directly to the oxygen, thus formulating reactive oxygen species (ROS). The outcome of this process—pyrroline-5-carboxylate (P5C)—remains in spontaneous equilibrium with glutamate-γ-semialdehyde (GSAL). In reverse, P5C is the only possible precursor to proline that may be reduced solely by the nicotinamide adenine dinucleotide (phosphate) (NAD(P)+)-dependent enzymes from the pyrroline-5-carboxylate reductase family (PYCRs), that is, PYCR1 and PYCR2 located in the mitochondria and PYCR3 (aka PYCRL) found in cytoplasm [20,21]. Proline, as a substrate easily accessed from catabolized collagen, might be incorporated into several major metabolic pathways. α-Ketoglutarate (αKG), derived from proline, replenishes the TCA cycle in a process called anaplerosis [22]. The proline–P5C interchange between the cytosol and the mitochondria, called the proline cycle, works as a shunt that allows for NAD(P)H inflow to the oxidative chain and provides the PPP with the reducing potential required in nucleotide synthesis [7,23]. P5C, as a tautomer of GSAL, is a direct forerunner of glutamine and gamma-aminobutyric acid (GABA) and might be reversibly converted to ornithine that enters the urea cycle to produce arginine, citrulline, creatine, or polyamines [24,25]. Of note, both GABA and glutamate are essential CNS neurotransmitters, and the latter is considered the main excitatory glial stimulant, both in the healthy brain and in glial neoplasms [26]. Additionally, proline itself displays some neurotransmitter-like features e.g., an ability to activate the NMDA or α-amino-3-hydroxy-5-methyl-4-isoxazilepropionic acid receptor (AMPA). Proline concentration is selectively regulated by proline transporters—solute carrier family 6 member 19 (SLC6A19, B◦AT1) and solute carrier family 6 member 7 (SLC6A7, PROT) [27,28], which belongs to the family of dopamine, serotonin, norepinephrine, and glycine transporters and shares with them 40–50% of sequence identity [29]. An elevated concentration of proline is known to exert neurotoxic effects and impair the glutamate- and GABA-dependent functions of synapses [30]. In addition, there are well-documented associations between proline and schizophrenia [31], Huntington’s, Parkinson’s, and Alzheimer’s diseases, as well as for inherited hyperprolinemia presenting as psychiatric disorders, brain damage, and spatial memory deficits [28,30,32,33] (Figure 2).



The metabolism of proline and the biology of malignant glial tumors might be linked at multiple levels. One objective of this review is to summarize the current state of knowledge available on the topic and to highlight some areas in which further research might be particularly interesting for understanding the pathogenesis of gliomas.





2. Materials and Methods


Following PRISMA guidelines, a systematic review of the literature was performed to identify studies focused on proline metabolism in malignant gliomas. The MEDLINE and EMBASE databases (https://pubmed.ncbi.nlm.nih.gov, Scopus accession date: 31 January 2021) were searched using combinations of terms concerning tumors—“glioblastoma”, “glioma”, and “high grade glioma”—and proline metabolism (combined with the Boolean “OR” operator)—“proline”, “proline oxidase”, “POX”, “proline dehydrogenase”, “PRODH”, “pyrroline-5-carboxylate reductase”, “PYCR”, “P5C reductase”, “prolidase”, “peptidase D”, and “imidodipeptidase”. Since a systematic literature review is not eligible for PROSPERO registry, the study has been registered on Open Science Framework (DOI: 10.17605/OSF.IO/43N7X).




3. Results


A total of 815 full-text studies published in the English language before January 2021 were screened to determine eligibility for inclusion. Additional studies were found by reviewing the references of the included publications. Specifically, all studies regarding proline only as a structural part of other proteins, e.g., the active site of an enzyme, were excluded. Out of 45 articles chosen for a thorough analysis, 14 were eventually identified as pertaining to the scope of the study. A flow chart (Figure 3) and a list of all included studies with a short summary (Table 1) are presented.




4. Discussion


4.1. Historical Studies on Gliomas


In a study published in 1976, Lefauconnier et al. [47] compared 13 samples of glioblastoma with 13 normal brain biopsy specimens, concluding that the concentration of proline in GBM was tenfold higher than that in the normal brain, and this was the highest difference among all of the substances evaluated. This was the first study to signal the relevance of proline metabolism in GBM. By contrast, in another historical study by Loreck et al. published in 1987 [46], the authors conducted a series of experiments on human astrocytes and glial tumor cell lines. While manipulating extracellular concentrations of proline and P5C, the authors found no changes in cellular metabolism. Additionally, there was no difference in PYCR activity between glia and neoplasm cell cultures, and the activity of POX/PRODH was not detected. Thus, the authors concluded that the proline cycle does not function either in glial cells or in GBM. We hypothesize that the results of the latter study were decisive in discontinuing research on proline metabolism in glial tumors for the next 30 years.




4.2. Role of Proline Metabolism in Gliomas


However, a recent, methodologically excellent study by Hollinshead et al. [34] came to somewhat different conclusions. The researchers demonstrated that in anaplastic oligodendroglioma (grade 3) bearing the IDH mutation, the proline cycle plays a significant role. By means of the proline shuttle mechanism described by Hagedorn and Phang in the 1980s [48,49], the IDH-mutant gliomas can maintain redox balance, uncouple the TCA cycle from respiration, and provide an efficient detour for oxidative ATP production while sparing oxygen. As suggested in the article, this particular feature of IDH-mutated oligodendroglioma is a stress response that allows for survival in a hypoxic environment, which is regarded as a characteristic feature of gliomas, particularly GBM. In the conducted experiment, glutamate was the main source of proline, incorporated via GSAL and P5C. This is another important point linking proline metabolism with glutamate, the main CNS excitatory neurotransmitter, which plays a crucial role in GBM and, for that reason, is dubbed the “glutamate-addicted” tumor.



The work of Cappelletti et al. [35] provided additional evidence on the links between proline and glutamate metabolism in GBM. The researchers used the U87 GBM cell line with wild-type and lessened-activity POX/PRODH in order to track changes in the intracellular concentration of glutamate and the effects on cell viability. Indeed, there was a significant drop in the glutamate concentration in POX/PRODH-impaired cells; however, the cells were able to compensate for the deficit in glutamate within 72 h, and that ability might explain why there were no changes in their viability. However, it is worth keeping in mind that direct extrapolations of results from cell culture studies to clinical practice might be biased. The metabolic profiles of surgically resected and in vitro cultured gliomas have been shown to be significantly different, with the influence of the tumor microenvironment perceived as a key factor.



In a study by Panosyan et al. [44], the researchers confirmed the contribution of POX/PRODH to the clinical course of GBM. Using maps of gene expression from large datasets (540 samples), they found that increased POX/PRODH expression, which was present in exactly half of the cases, was associated with shortened overall survival. Additionally, POX/PRODH expression was found to be lower in GBM patients than in controls. Although significant, these findings were discussed without greater elaboration as to their significance.



A connection between proline and arginine metabolites/metabolic pathways was shown to be significant in studies on the metabolomic profiling of glioma tissue, plasma samples, or microdialysis fluid. In a study by Björkblom et al. [42], the authors examined microdialysis fluid derived from recurrent glioblastomas before and during interstitial treatment with cisplatin and from the adjacent non-affected brain. Metabolomic profiling of microdialysis fluid revealed that the concentration of proline was significantly different in glioblastoma as opposed to the adjacent brain tissue.



A study by Zhao et al. [40] found that proline and arginine metabolites were reliable discriminators between gliomas: low- vs. high-grade and IDH-mutant vs. wild-type. Interestingly, whereas proline plasma concentration was not altered by IDH mutation status, the metabolites closely linked to P5C, e.g., ornithine and arginine, were found to differ significantly between high- and low-grade gliomas, though no precise discrimination was made as to which of these metabolites was the most important marker. It is noteworthy that among all the pathways analyzed, the authors found that those involved in arginine and proline metabolism were of the greatest significance in differentiating between malignant and so-called low-grade gliomas, as in the case of IDH mutation status. Huang et al. [41] conducted an analysis of plasma metabolites in GBM patients in relation to matched controls. As in the work of Zhao et al. [40], the concentration of metabolites involved in the proline and urea cycle, i.e., 2-oxoarginine, argininate, and N-acetylarginine, were found to be significantly different between the two groups. The authors also concluded that plasma proline concentration has the potential to serve as a glioma biomarker prior to diagnosis. The work of Jonsson et al. [43] implements machine learning algorithms into the analysis of plasma metabolomic profiles in a large database containing multiple samples collected prospectively. The authors found that among other amino acids, proline concentration was significantly altered in glioblastoma patients. Additionally, by analyzing samples obtained prior to glioma diagnosis, plasma proline concentration was shown to be useful as a pre-diagnostic marker. A study by Prabhu et al. [45] integrated data from glioma metabolomic and genetic profiles. Analysis of a database consisting of fresh-frozen tumor samples led the authors to the conclusion that the metabolic pattern of several amino acids, including proline, was significantly altered. The authors associated the observed variability with aberrant tumor metabolic reprogramming leading to tumor heterotrophy, i.e., an adaptation to exploit alternative sources of nutrients.



Although the aforementioned metabolomic studies found proline and its metabolism to be relevant in the pathogenesis of gliomas, they did not discuss possible reasons for the dysfunction nor any implications that may arise from them.



Overall, the evidence supports the anaplerotic and parametabolic role of proline in glioma metabolism. The proline cycle is crucial in tumors with the IDH-mutation, which is a well-known favorable prognostic factor, making it a promising therapeutic target. The involvement of proline in the urea cycle and glutamate metabolism has been shown to be relevant but warrants further investigation.




4.3. Regulatory Role of Proline Metabolism in Gliomas


Shao et al. [39] conducted a series of experiments elucidating the molecular mechanism of p53 regulation of POX/PRODH in GBM cell cultures and in an animal model. In this context, POX/PRODH, which is in the p53-dependent transcriptome, was deemed to have tumor-suppressing activity. In a study on C6 GBM cell lines incubated with different concentrations of proline, Ferreira et al. [36] found a significant increase in both ROS and nuclear factor kappa B (NF-κB) activity correlated with increasing quantities of proline and thus hypothesized that proline may favor signaling toward cell proliferation. This result might be explained in terms of potentially increased POX/PRODH activity, known for generating ROS; however, this was not measured by the authors.



The studies of Gönullu et al. and Verma et al. provided contradictory results on the effects of prolidase activity in GBM patients vs. controls [37,38]. Whereas the experiment conducted by the Gönullu group found that plasma prolidase activity was lower in GBM, Verma et al. found the opposite. Additionally, the latter study provided a measurement of prolidase activity in tissues, i.e., excised GBM vs. healthy brain, indicating that prolidase activity is consistently higher in GBM than that measured in the plasma.




4.4. Missing Links between Proline Metabolism and Gliomas


Because the data on gliomas are limited, there is a need to extrapolate the regulatory mechanisms of proline metabolism known from non-glial tumors to those of gliomas in order to determine if they continue to hold true (Figure 4).



Prolidase has been recognized as an essential factor shaping the extracellular matrix (ECM), especially in collagen. ECM is not only a scaffold providing adhesion sites for cells but is also a major force driving cell migration, regeneration, and maintenance of synaptic connections [50,51]. Prolidase deficiency, both in humans and in knocked-out mice, is associated with the symptoms of mental retardation as a consequence of impaired neuron migration during brain development, which is executed by means of the extracellular matrix and adhesion receptors, all affected by collagen turnover problems [52]. In contrast to a healthy brain, which contains relatively small amounts of collagen (mostly type IV collagen involved in the basement membranes of pia meninx or vascular endothelial cells), gliomas are known for the synthesis of type IV and XVI collagen into the extracellular matrix [53]. Moreover, diffuse gliomas are known for primary infiltrative growth into the brain, with tumor cells migrating along ependyma, white matter fibers, and vessels [54]. The evidence emphasizes the role of the extracellular matrix in tumor invasiveness and prognosis. On the other hand, the excessively rapid metabolic rate, particularly in the case of GBM, cannot be followed by appropriate neovascularization and eventually results in necrosis [55,56], with collagen possibly serving as a reservoir of nutrients. Therefore, one might expect that in an area of rapid tumor growth, where catabolic activity might be increased in order to take advantage of the nutrients pooled in the collagen, prolidase activity might also be elevated.



In the regulatory domain, prolidase has the well-recognized ability to activate epidermal growth factor receptor (EGFR), resulting in the triggering of dependent downstream kinase systems, such as PI3K/Akt, mTOR, ERK, and JAK/STAT3, and, overall, in the transcription of genes associated with the growth, differentiation, and proliferation of cells [16]. Amplifications and mutations in EGFR have been detected in approximately 45–60% of GBM cases studied and have been related to GBM pathogenesis and resistance to treatment [57,58]. Similarly, prolidase has an affinity for human epidermal growth factor receptor 2 (HER2, ErbB2), producing activation of downstream tyrosine kinases, presenting oncogenic activity [16]. The HER-2 mutation is associated particularly with a secondary GBM, detected in up to 40% of cases [59]. Prolidase has also been found to be a key regulator of p53 activity. More than half of cytoplasmic and nuclear p53 is inactivated by temporary binding with prolidase. Under conditions of cellular stress or prolidase deficiency, the prolidase-p53 complex dissociates, which activates p53 and its pro-apoptotic potential [60]. Using data from the Cancer Genome Atlas Research Network, it has been estimated that 87% of GBM cases had alterations in the p53 signaling pathway, with 28–35% of cases having deleted or mutated p53 [59].



Further, high cytoplasmic concentrations of proline itself are known to exert a regulatory influence on hypoxia-inducible factor-1α (HIF-1α) transcriptional activity. Up-regulated HIF-1α activates dependent pathways, such as COX-2, vascular endothelial growth factor (VEGF), tumor necrosis factor α (TNF-α), transforming growth factor β (TGF-β), interleukin-1 (IL-1), NF-κB [61], and glucose transporter-1 (GLUT-1) expression, and therefore induces angiogenesis, controls proliferation and differentiation, and influences the uptake of glucose [62]. Tumor hypoxia is a hallmark of malignant gliomas, and it has been demonstrated in vivo and in vitro that glioma cells overexpress HIF-1α, which results in the activation of VEGF or MMPs. Additionally, there exists some evidence that this overexpression may occur even in the absence of hypoxia because of genetic alterations encountered in malignant gliomas [63,64]. Moreover, glioma cells exert a paracrine influence on the surrounding environment, leading to the “re-education” of glioma-associated microglia. This renounces the antitumor activity and contributes to glioma invasion, releasing multiple cytokines, i.e., IL-1β, IL-6, IL-8, IL-10, and TNF-α [65,66]. Proline has been shown to activate the TGF-β1 receptor. There is also an interesting mutual relationship between prolidase; its activity results in proline concentration and TGF-β1-dependent mTOR kinase functioning [16]. TGF-α and TGF-β secreted in greater amounts by glioma cells are known to favor the communication between these cells and activated astrocytes found within and around the tumor [67,68].



Given the aforementioned results of the studies by Cappelletti et al. and Panosyan et al. [35,44], POX/PRODH seems to play a contradictory role in GBM. The data from other non-glial neoplasms corroborates the inconclusive role of POX/PRODH in the studies we examined [8,69]. On the one hand, POX/PRODH might act as a tumor survival factor through AMPK kinase or peroxisome proliferator-activated receptors-γ (PPARγ) when induced under stress conditions, e.g., in nutrient or oxygen deprivation or stimulation by oxidized lipids (oxLDL) [13,70,71]. On the other hand, POX/PRODH is believed to be a potent tumor-suppressor when activated by p53 or PPARγ in conditions related to DNA damage or during inflammation processes. Additionally, ROS that are generated as a consequence of POX/PRODH enzymatic activity might act in two opposite directions as well, directing the cell either towards apoptosis or prosurvival autophagy; however, the “switch” that changes the cell route remains unknown [62,72]. It has been demonstrated that the overexpression of EGFR variant III (EGFRvIII) leads to elevated ROS levels in GBM and facilitates further alterations in the genome of GBM cells [73]. Of note, POX/PRODH is inhibited by both the c-Myc oncogene and its product, miR23b* [74]. C-Myc levels are strictly correlated with the malignancy grade of gliomas, and about 60–80% of GBM display elevated c-Myc levels [75]. Furthermore, c-Myc encourages the Warburg effect, drives glycolytic flux, and elevates intratumoral levels of glutamine in GBMs [76].




4.5. Ambiguous Role of POX/PRODH in General Oncology


A number of studies utilizing various types of neoplasms have provided ample evidence in support of proline being a key player in rewired tumor metabolism, displaying several regulatory, anaplerotic, and parametabolic properties. The first experiments conducted on colorectal cancer cell lines and in the mouse xenograft model led to the discovery that POX/PRODH is p53-induced gene-6 (PIG-6), which acts as a tumor suppressor, and this suppression depends on the quantity of the enzyme—high levels of POX/PRODH expression lead to apoptosis, while lower levels cause cell cycle arrest in the G2 phase and inhibit proliferation [8,77]. The POX/PRODH expression level was correlated with better prognoses in estrogen receptor-positive (ER+) breast cancer patients [78] and with apoptosis induction in MCF-7 cells [79]. Increased expression of POX/PRODH exerted a reciprocal inhibitory effect on the expression of the cyclooxygenase-2 (COX-2) enzyme [80], counteracting the prostaglandin-driven development of an inflammatory tumor milieu known for worsening the prognosis of several malignancies. In the model of oral squamous cell carcinoma, Tołoczko-Iwaniuk demonstrated that celecoxib, a well-known inhibitor of COX-2, increased levels of POX/PRODH and, as a result, led to apoptosis [81]. The anti-tumor properties of POX/PRODH, induced through stimulation by propolis, were also demonstrated in tongue squamous cell carcinoma cells (CAL-27) [82].



On the other hand, Olivares et al. showed that pancreatic ductal adenocarcinoma cells (PDAC) use proline derived from collagen as an alternative source of energy to fulfill the excessive metabolic requirements of the tumor. Additionally, the researchers demonstrated that the expression of POX/PRODH promotes tumor growth in vivo and in vitro [83]. Liu et al. [84] demonstrated the contribution of POX/PRODH in the progression of non-small cell lung cancer (NSCLC) through increased expression of pro-inflammatory cytokines that are associated with poor prognoses in NSCLC patients. Yan et al. [85] demonstrated that the expression of POX/PRODH is upregulated in prostate cancer (PCa), with a significant relationship between POX/PRODH expression and progression of the disease. In this case, POX/PRODH inhibits T-cell proliferation and function, as well as the production of ROS, eventually resulting in less restriction of tumor growth. The importance of POX/PRODH as a pro-tumor agent was also highlighted in breast cancer, particularly in breast cancer metastases. Elia et al. revealed the increased proline catabolism in metastases tissue compared to primary breast cancer patients [86]. In a study on triple-negative breast cancer (TNBC) treated with histone deacetylase (HDAC) inhibitors, Fang et al. [87] discovered that the induction of POX/PRODH played an anti-apoptotic role, while the lack of the enzyme significantly increased HDAC inhibitor-induced apoptosis. Some authors, attempting to summarize studies based on research in renal, rectal, stomach, and liver cancers [77,88], hypothesized that tumors need to down-regulate POX/PRODH activity in order to thrive [13].



Overall, POX/PRODH is considered a double-faced enzyme because depending on the specific circumstances, it may either promote tumor progression or lead to apoptosis and autophagy of cancer cells [62].




4.6. Pro-Neoplastic Role of PYCR in General Oncology


PYCR genes are identified as some of the most frequently upregulated in neoplasms in general, as found in a metabolomic analysis of a large dataset of more than 1900 various types of tumors [89]. For instance, a series of studies has confirmed the role of PYCR in lung cancer. NSCLC overexpresses PYCR1, and the expression is related to the patient’s clinical status and the progression of the disease. Wang et al. [90] confirmed that upregulated PYCR1 promoted the progression of NSCLC by activating the mitogen-activated protein kinase 13 (p38) pathway, while it was suppressed by microRNA-488 (miR-488). The work of Cai et al. [91] provided evidence that PYCR1 promotes the cell cycle and inhibits apoptosis by regulating cyclin D1, B-cell lymphoma-2 (Bcl-2), and B-cell lymphoma-extra large (Bcl-xl) expression in NSCLC. Additionally, Sang et al. [92] found that PYCR1 accelerated NSCLC metastasis spread by promoting epithelial–mesenchymal transition (EMT) pathways. Gao et al. [93] found multiple relevant connections in PYCR1 expression of lung adenocarcinoma (LUAD), e.g., in the metabolomic profile, the activity of signaling pathways, the progression of the disease, and overall patient survival times. PYCR1 was also significantly more highly expressed in breast cancer. Ding et al. [94] corroborated the finding that high PYCR1 expression correlates with a poor prognosis for breast cancer patients, independent of their estrogen receptor (ER) status. Moreover, the inhibition of PYCR1 reduced tumor growth and invasion capabilities, simultaneously sensitizing cancer cells to chemotherapy with doxorubicin. Zhuang et al. [95] documented the findings that PYCR1 is overexpressed in hepatocellular carcinoma (HCC) and that PYCR1 interference inhibits tumor growth and promotes apoptosis. Similar findings were reported by Ding et al. [96], who found that PYCR1 was one of the most upregulated enzymes in HCC and that its inhibition led to a reduced tumor burden. With regard to PCa, Zeng et al. [97] conducted an experiment in which the suppression of PYCR1 led to the inhibition of proliferation and colony formation, cell cycle arrest, and cell apoptosis, thus leading to the conclusion that the progression of PCa is dependent on the activity of PYCR1. In gastric cancer (GC), Xiao et al. [98] showed that the overexpression of PYCR1 enhanced tumor proliferation. Additionally, PYCR1 was upregulated because of glucose deprivation in a concentration- and time-dependent manner, and the PI3K/Akt pathway affected proline metabolism via PYCR1. Du et al. [99] demonstrated that PYCR1 is upregulated in bladder cancer, and the knockdown of the enzyme reduced tumor growth via the downregulation of Akt/Wnt/β-catenin signaling. Furthermore, Ye et al. [100] revealed that PYCR1 led to tumor growth via the Akt pathway in human malignant melanoma in vitro. In general, PYCR seems to act as a pro-neoplastic agent in a number of tumors, whilst the role of POX/PRODH is more ambiguous.




4.7. Prolidase Supports Tumor Metabolism—General Oncology


Aberrations in collagen metabolism and hence increased prolidase activity have been well-documented in certain cancers. It has been suggested that enhanced prolidase activity significantly influences the remodeling of the tumor microenvironment, and prolidase activity is correlated with the invasiveness of the cancer phenotype [101]. Plasma prolidase activity (PPA) was significantly higher in patients with gastric cancer not amenable to surgical resection than in operable cases and the control group. A strong correlation was found between tumor volume and PPA [102]. Prolidase activity was found to be significantly increased in breast cancer tissue, suggesting that the collagen turnover rate was increased in tumor tissue compared with the control [103]. Arioz et al. [104] demonstrated a significant increase in prolidase activity and oxidative stress in patients with endometrial cancer, which, according to the authors, may be related to local invasion of cancer. Gecit et al. [105] reported that increased levels of prolidase seemed to be associated with increased NO levels and oxidative stress, along with decreased antioxidant levels, in bladder cancer. According to a study by Guszczyn et al. [106], the expression of beta(1) integrin and prolidase activity were significantly elevated in stomach cancer, as was an enhancement in collagen turnover. Sayir et al. [107] conducted a study on esophageal cell carcinoma patients, seeking prognostic factors. The results revealed that prolidase activity, nitric oxide, total oxidant status, and oxidative stress index were increased, and the values were higher with more advanced stages of cancer. On the other hand, in pancreatic cancer, Palka et al. [108] observed the opposite tendency, in which prolidase activity was decreased.



This somewhat exclusive position among other NEAAs makes the enzymes of proline metabolism, i.e., prolidase, POX/PRODH, and PYCR, appropriate targets for regulatory functions. Indeed, a number of studies have indicated a multitude of connections between the aforementioned enzymes and major regulatory pathways, but knowledge about these relationships in gliomas remains limited.





5. Conclusions


Although the literature in the field is limited, there are a number of areas where the metabolism of proline and that of gliomas might be interlocked, both as a result of it being a versatile substrate on the crossroads of major pathways and its diverse regulatory properties. Further laboratory and clinical studies are warranted to understand the pathogenesis and support the exploration of potential therapies for gliomas.
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Figure 1. Proline cycle and its basic metabolic links in the human cell. Proline released during collagen catabolism can feed back to collagen resynthesis, or, through the proline cycle, it may be used for energetic purposes, redox balance, parametabolic regulation, or anaplerosis. PRO—proline, P5C—pyrroline-5-carboxylate, ORN—ornithine, GLN—glutamine, GLU—glutamate, αKG—alpha-ketoglutarate, PEPD—prolidase, POX/PRODH—proline oxidase/proline dehydrogenase, PYCR 1/2/3—pyrroline-5-carboxylate reductase 1/2/3, MMPs—metalloproteinases, PPP—pentose phosphate pathway, TCA cycle—tricarboxylic acid cycle. Created with BioRender.com, accessed on 2 February 2022. 






Figure 1. Proline cycle and its basic metabolic links in the human cell. Proline released during collagen catabolism can feed back to collagen resynthesis, or, through the proline cycle, it may be used for energetic purposes, redox balance, parametabolic regulation, or anaplerosis. PRO—proline, P5C—pyrroline-5-carboxylate, ORN—ornithine, GLN—glutamine, GLU—glutamate, αKG—alpha-ketoglutarate, PEPD—prolidase, POX/PRODH—proline oxidase/proline dehydrogenase, PYCR 1/2/3—pyrroline-5-carboxylate reductase 1/2/3, MMPs—metalloproteinases, PPP—pentose phosphate pathway, TCA cycle—tricarboxylic acid cycle. Created with BioRender.com, accessed on 2 February 2022.



[image: Cancers 14 02030 g001]







[image: Cancers 14 02030 g002 550] 





Figure 2. The role of proline in brain function. (A) Proline is a forerunner of key CNS neurotransmitters, glutamate, and GABA. (B) Therefore, proline concentration in the synaptic cleft is precisely controlled by dedicated transporters. (C) Disturbances in proline metabolism affect both the developing and the adult brain, causing neurotoxic effects. GAD—glutamate decarboxylase. Created with BioRender.com, accessed on 2 February 2022. 
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Figure 3. Flowchart of the systematic literature review and meta-analysis according to the PRISMA guidelines. Created with BioRender.com, accessed on 2 February 2022. 
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Figure 4. Malignant gliomas are still one of the most enigmatic clinical entities. Although our knowledge of proline metabolism in tumors is constantly expanding, synthesis of data pertaining to both of these domains is lacking. ↑ upregulated. Created with BioRender.com, accessed on 2 February 2022. 
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Table 1. A summary of 14 articles chosen for systematic review.
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	Author
	Year
	Title
	Materials/Methods
	Highlights





	Hollinshead et al. [34]
	2018
	Oncogenic IDH1 Mutations Promote Enhanced Proline Synthesis through PYCR1 to Support the Maintenance of Mitochondrial Redox Homeostasis
	Cell cultures:

human anaplastic oligodendroglioma (grade 3) wild-type and IDH-mutant
	IDH-mutant high-grade oligodendroglioma utilizes proline cycle as a redox shuttle to maintain redox balance.

PYCR1 expression is increased in IDH1-mutated gliomas.

Glutamine-derived proline synthesis is increased.

An adaptation for hypoxic conditions: sparing oxygen allows for anabolism.



	Cappelletti et al. [35]
	2018
	Proline oxidase controls proline, glutamate, and glutamine cellular concentrations in a U87 glioblastoma cell line
	Cell cultures: human U87 GBM wild-type and POX-mutant
	U87 human GBM cells with wild-type and impaired-activity POX/PRODH were studied to assess connections between proline and glutamate metabolism.

A decrease in POX/PRODH activity caused a transient drop in proline, glutamate, and glutamine concentration.



	Ferreira et al. [36]
	2020
	Effect of Proline on Cell Death, Cell Cycle, and Oxidative Stress in C6 Glioma Cell Line
	Cell cultures: rat C6 GBM
	The influence of proline extracellular concentration on GBM cultures was assessed.

With increasing concentration: no cytotoxicity, no apoptosis, more ROS, and an increase in NF- κB—in general, a pro-proliferative influence.



	Gönullu [37]
	2012
	Paraoxonase and Prolidase Activity in Patients with Malignant Gliomas
	Serum of GBM patients
	In patients diagnosed with GBM and anaplastic astrocytoma (grade 3), serum prolidase activity was lower than that in the healthy controls.



	Verma et al. [38]
	2018
	Prolidase Activity and Oxidative Stress in Patients with Glioma
	Serum and excised GBM tissue
	In GBM patients, prolidase activity was elevated both in the serum and in tumor tissue.



	Shao et al. [39]
	2021
	OIP5-AS1 specifies p53-driven POX transcription regulated by TRPC6 in glioma
	Cell cultures, animal model
	Molecular mechanism of how POX/PRODH is regulated by p53 through TRPC6.

In general, POX/PRODH suppressed glioma.

POX/PRODH in glioma was sixfold lower than that in the brain.



	Zhao et al. [40]
	2016
	Metabolomics profiling in plasma samples from glioma patients correlates with tumor phenotypes
	Database of plasma metabolomics
	Metabolic pathways and metabolites of proline and arginine had the highest impact in differentiating high vs. low grade, IDH mutation vs. wild type.



	Huang et al. [41]
	2017
	A prospective study of serum metabolites and glioma risk
	Plasma of GBM patients and matched controls
	Proline/arginine metabolism related to malignant glioma: lower metabolite concentration in the plasma of GBM patients.



	Björkblom et al. [42]
	2020
	Metabolic response patterns in brain microdialysis fluids and serum during interstitial cisplatin treatment of high-grade

glioma
	Brain and tumor microdialysis fluid
	Compared with the unaffected brain, glioma microdialysis fluid had a 4.4-fold higher proline concentration.



	Jonsson et al. [43]
	2020
	Identification of Pre-Diagnostic Metabolic Patterns for Glioma Using Subset Analysis of Matched Repeated Time Points
	Plasma sample metabolomic profile
	A study in a large biobank of plasma samples; selected glioma cases prior to diagnosis were matched with controls. Along with a number of other amino acids, plasma proline concentration in glioma patients was significantly higher even prior to diagnosis, with potential to consider proline as a pre-diagnostic glioma biomarker.



	Panosyan et al. [44]
	2017
	In search of druggable targets for GBM amino acid metabolism
	Database of gene expression
	In large datasets of gene expression, the authors found that POX/PRODH gene expression was lower in GBM than in non-GBM. Among GBM samples, there was a 50/50 equilibrium in high vs. low POX/PRODH expression, and overall survival (OS) was shorter in high-POX/PRODH patients, with a high level of significance. Although significant, the authors reflected upon POX/PRODH somewhat superficially. Additionally, the authors emphasized the role of glutamate.



	Prabhu et al. [45]
	2019
	Integrative cross-platform analyses identify enhanced heterotrophy as a metabolic hallmark in glioblastoma
	GBM and low-grade glioma tissues metabolomic and genomic profiles
	In a search for a glioma metabolic reprogramming program, the authors found that proline metabolism was significantly altered.



	Loreck et al. [46]
	1987
	Regulation of the pentose phosphate pathway in human astrocytes and gliomas
	Cells cultures
	A historical study. Proline cycle in gliomas was absent; no effect was observed on glucose metabolism due to the addition of proline to the medium: “POX is low to absent”.



	Lefauconnier et al. [47]
	1976
	Free Amino Acids and Related Substances in Human Glial Tumours and in Fetal Brain–Comparison with Normal Adult Brain
	Tissues: excised GBM, fetal and adult brain
	A historical study. Proline concentration in GBM was 10x higher than that in the brain.
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
H 0 o o (0]

: POX/PRODH PSCDH GAD N \/\)I\
OH =P =P HO OH —pp OH

NH NH

Proline Glutamate y-aminobutyric acid
(GABA)

e SoP
© / sicen SLC6A19
< (PROT) ) ( (B°AT1) jl

Glutamatergic

GABAergic
neuron

neuron

b o

Proline
disruption

* brain damage
* memory deficit
« epilepsy

+ schizophrenia
* cognitive impairment






nav.xhtml


  cancers-14-02030


  
    		
      cancers-14-02030
    


  




  





media/file2.png
[Collagen)
y

Mitochondrion
v

[ POX/PRODH ]

ATP/ROS

cotegen)






media/file5.jpg
Identification|

Screening

Included

Records identifed from:
‘PubMed n= 443
Scopus =372

l

Abstractscreening

—

=284 ==

Records screened S
s - duplcates removed
— Records exioded
e

~ not pertaining o the subject
= prolne s a structual partof
other proteins

Fulltext atcies
‘assessed for eligibilty
ne1

Fulbtext articles excluded

— nea1

|

Studies ncluded in
qualtative synthesis.
ne1

Records idenifed from:
Citaion searching n- 4






media/file3.jpg





media/file1.jpg





media/file7.jpg
53

EGFR

Collgen

MPs

Ros.

HIF1a

akG

oMy

VEGF

-






media/file0.png





media/file8.png
< ohaen
S,
<-----{f Collagen |

€ [1‘ MMPs l—
S [t ros |
R L
-

<«elt oMy |
<o VEGF |
Pa— [1‘ IL l—

SRR TGIutamate —






media/file6.png
Identification

Screening

Included

Identification of studies
via databases

Records identified from:
PubMed n = 443
Scopus n= 372

!

Records screened
n=815

!

Abstract screening
n=284

|

Identification of studies

via other methods

Records identified from:
Citation searching n= 4

Records exculded
n=531
- duplicates removed

Records excluded
n=243

- not pertaining to the subject
- proline as a structural part of
other proteins

Full-text articles
assessed for eligibility
n=41

|

Full-text articles excluded
n=31

Studies included in
qualitative synthesis
n=14






