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Abstract

:

Kidney cancer is among the top ten most common cancers to date. Within the kidney, renal cell carcinoma (RCC) is the most common solid lesion occurring. While various risk factors are suspected, including unhealthy lifestyle, age, and ethnicity, genetic mutations seem to be a key risk factor. In particular, mutations in the von Hippel–Lindau gene (Vhl) have attracted a lot of interest since this gene regulates the hypoxia inducible transcription factors HIF-1α and HIF-2α, which in turn drive the transcription of many genes that are important for renal cancer growth and progression, including genes involved in lipid metabolism and signaling. Recent data suggest that HIF-1/2 are themselves regulated by bioactive lipids which make the connection between lipids and renal cancer obvious. This review will summarize the effects and contributions of the different classes of bioactive lipids, including sphingolipids, glycosphingolipids, eicosanoids, free fatty acids, cannabinoids, and cholesterol to renal carcinoma progression. Novel pharmacological strategies interfering with lipid signaling to treat renal cancer will be highlighted.
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1. Introduction


Kidney cancer is among the top ten most common cancers to date and accounts for about 3% of adult malignancies [1,2]. Malignant tumors can arise either from the renal parenchyma or the renal pelvis. In children, the most common kidney cancer is nephroblastoma (Wilms tumor), accounting for 1.1% of all kidney cancers [3], while in adults, renal cell carcinoma (RCC) is the most common neoplasm within the kidney. RCC originates from the renal epithelium, specifically from the proximal convoluted tubule and accounts for >90% of cancers in the kidney. The disease encompasses more than 10 histological and molecular subtypes, of which clear cell RCC (ccRCC) is the most common and accounts for most kidney cancer-related deaths [4,5]. It is characterized histologically by the accumulation of cholesterol esters, cholesterol, and other neutral lipids [6], which when dissolved during histological preparation methods show a clear cytoplasm. RCC can also be considered a metabolic disease because metabolic pathways are strongly altered in RCC, including glycolysis, amino acid metabolism, and lipid metabolism [7,8]



Understanding the biology of ccRCC starts with the discovery and characterization of the Vhl gene. The loss or mutation of the Vhl gene, at the short arm of chromosome 3, is generally considered to be one of the obligate initiating steps in the development of ccRCC [9]. Germline mutations of the Vhl gene cause autosomal dominant hereditary von Hippel –Lindau familial cancer syndrome characterized by an increased risk of tumor development in multiple organs, including the kidney [10]. Associated focal lesions, such as ccRCC, arise from the inactivation or silencing of the remaining normal (wild-type) Vhl allele. Remarkably, biallelic Vhl mutations or, less frequently, hypermethylation are very common in sporadic ccRCC, meaning that the Vhl gene behaves like a classical Knudson two-hit tumor suppressor gene. The main function of the Vhl gene product, pVHL, is to regulate the cell’s response to oxygen availability. It functions as a subunit of the E3 ubiquitin ligase complex, which mediates the proteasomal degradation of an oxygen-dependent transcription factor called hypoxia inducible factor (HIFα). HIFα exists as three isoforms, HIF-1α, HIF-2α, and HIF-3α, with the HIF-2α isoform being most directly associated with ccRCC carcinogenesis. Under hypoxic conditions, HIF-2α heterodimerizes with an aryl hydrocarbon receptor nuclear translocator (ARNT, also known as HIF-1β) to form an active transcription factor complex that upregulates the expression of hypoxia-inducible genes, such as vascular endothelial growth factor (VEGF) and erythropoietin (Epo), to counteract hypoxia and increase tissue oxygenation [11]. Under normal conditions, oxygen-dependent post-translational modifications on HIF-2α allow pVHL to recognize and target HIF-2α for rapid degradation. In RCC, the loss of pVHL thus mimics hypoxia and leads to excess HIF activity and the subsequent activation of the transcription of hundreds of HIF target genes that participate in angiogenesis, cell migration, epithelial–mesenchymal transition (EMT), extracellular matrix remodeling, glucose and lipid metabolism, immune evasion, and metastasis [12]. An important gene is the one encoding for VEGF which is a major driver of angiogenesis and thereby supplies the tumor with more nutrients and oxygen to accelerate its growth and progression. Drugs that inhibit VEGF production or its interaction with VEGF receptors have become a central approach of ccRCC treatment [13,14].



To date, approved standard therapies for renal cancer mainly focus on targeting neoangiogenesis and the immune system. This is conducted either by monotherapies or by combination therapies with VEGFR tyrosine kinase inhibitors, checkpoint inhibitors, or mTOR inhibitors such as everolimus. However, these therapies have multiple severe adverse effects including an increased risk for infections and the development of drug resistance [15]. Therefore, novel targets are needed which, when blocked by combination therapy, results in synergistic anti-cancer effects and thus allow a reduction of the drug dose.



Preclinical data also indicate that HIF-2α antagonists, which block HIF pathway activation and therefore inhibit HIF-2α target gene activation, can inhibit tumor growth in ccRCC [16].



Since HIF-1/2α are regulating a multitude of genes [12,17], including lipid-regulating enzymes, and HIF-1/2α are themselves regulated by lipids, including prostaglandins and sphingolipids; this suggests that lipids may take center stage in renal cancer development, or could represent new targets for an intervention therapy.




2. Sphingolipids in Renal Cancer


Sphingolipids represent a vast class of lipids characterized by the presence of a sphingoid backbone in their structure. They are important constituents of cellular membranes, but are increasingly acknowledged for their role as signaling molecules.



Ceramide is the main hub of the sphingolipid pathways (Figure 1). It is produced either through the de novo synthetic pathway, the salvage pathway, or the hydrolytic pathway. Ceramide may then be phosphorylated to form ceramide 1-phosphate (C1P), deacylated to sphingosine, or condensed with phosphatidylcholine to give sphingomyelin or glucose/galactose to give cerebrosides [18,19]. Ceramide is known as a pro-apoptotic molecule, and many commonly used chemo-therapeutic agents induce cancer cell apoptosis by activating the acid sphingomyelinase and increasing ceramide formation [20]. Additionally, in RCC cells, exposure to exogenous C6-ceramide, or increasing endogenous ceramide by a ceramidase inhibitor, had a cytotoxic effect [21].



Phosphorylation of sphingosine by the two sphingosine kinases (SphK1 and SphK2) yields sphingosine 1-phosphate (S1P), which is a potent bioactive lipid involved in processes such as proliferation, migration, angiogenesis, lymphocyte trafficking, and endothelial permeability [18,22]. Although a few intracellular targets of S1P are described, S1P is mostly known for its autocrine and paracrine functions through the five G protein-coupled receptors called S1P1–5. Due to the anti-apoptotic and pro-angiogenic roles of S1P, the SphK/S1P/S1PR axis attracts special interest in cancer treatment [23]. More specifically, this axis seems to be a master regulator of hypoxia by regulating HIF-1α and HIF-2α protein levels in human cancer cell lines including VHL-deficient ccRCC [24].



In this regard, SphK1 inhibition decreases HIF-1α levels by stimulating its degradation in a pVHL-dependent manner. When pVHL is deficient as in the RCC10 cell line, HIF-1α levels are constitutively high and cannot be influenced by hypoxia or SphK1 inhibition [25]. Moreover, SphK1 activity also controls HIF-2α expression and transcriptional activity, as SphK1 silencing promotes a VHL-independent HIF-2α loss which results in reduced cell proliferation in ccRCC [26].



Interestingly, HIF-2α is also capable of regulating SphK1 levels by stimulating its gene transcription, protein expression, and enzyme activity. This is followed by increased intracellular S1P production, S1P release, and S1P receptor activation [27]. According to The Cancer Genome Atlas (TCGA) RNA seq database [28], SphK1 expression is 2.7-fold higher in solid tumor tissue from ccRCC patients, and S1P is increased in RCC tissue compared to healthy tissue [29]. This is associated with poor survival and contributes to the resistance to the multi-kinase VEGFR inhibitor sunitinib [28,30]. Mechanistically, it might involve the increased invasion mediated by S1P2-dependent FAK phosphorylation [28], increased viability, and proliferation through Akt/mTOR [30], as well as an S1P1+3-mediated increase in angiogenesis [28]. Thus, the SphK1/S1P/S1PR axis is involved both in autocrine signaling to promote tumor growth, as well as in paracrine signaling to augment angiogenesis. Consequently, SphK1 inhibition was suggested as a possible strategy to control tumor hypoxia and its consequences [31].



In order to prevent the stimulation of S1PRs and downstream signaling, antibodies against S1P [32] or an extracellularly acting recombinant S1P lyase from Symbiobacterium thermophilum (stSPL) [33] were developed. Using the CAM model, Huwiler et al. (2011) demonstrated that this stSPL can indeed reduce tumor cell-induced angiogenesis. However, the short half-life in vivo, resulting in the rapid recovery of plasma S1P upon intravenous injection of stSPL in mice, hindered its further development.



Based on highly promising data of monoclonal murine (LT1002, Sphingomab) and humanized (LT1009, Sonepcizumab) S1P-specific antibodies in various preclinical models (cancer cell lines and in the retinal and choroidal neovascularization models in mice) [34,35,36], clinical studies were initiated. Two formulations of sonepcizumab were designed, one for an intravitreous application (iSONEP) to treat exudative age-related macular degeneration and one for an intravenous infusion (ASONEP) to treat metastatic RCC. Despite the good safety and tolerability profile, sonepcizumab did not reach the primary endpoint of progression-free survival and the study with refractory RCC was terminated [37]. Several limitations must be noted, such as the small patient number and a median of two prior failed therapies against VEGF/VEGFR, mTOR, or immunotherapy, which might anticipate a shorter progression-free survival [37]. On the other hand, the encouraging overall survival (>20 months in a heavily pretreated population) and the favorable safety profile of sonepcizumab suggested that this agent could be explored in combination with the currently approved agents for metastatic RCC [37]. So far, no such clinical trials were initiated.



Fingolimod (FTY720) which is an approved immunomodulator for the treatment of multiple sclerosis, acts as an unspecific agonist of all S1P receptors, except S1P2, and as a functional antagonist of S1P1 [38]. In several HIF-2α-resistant ccRCC cell lines, as well as in HIF-2α-resistant mouse ccRCC models, FTY720 showed anti-proliferative and anti-tumor effects [24]. Whether the modulation of all S1PRs or only one of them is needed for these actions is not well understood. Fischl et al. (2019) recently reported that S1P1 antagonism is sufficient to enhance the efficacy of the VEGFR inhibitor sunitinib in vitro and in vivo in the postnatal retinal angiogenesis model and in the RCC murine tumor model [39]. This combination not only disrupted the tumor vascular beds, but also decreased the tumor volume and increased tumor cell death compared with monotherapies [39].



On the other hand, siponimod, which is an S1P1+5 modulator, was devoid of anti-proliferative effects in RCC colony formation assays, which was attributed to the inability of siponimod to target the S1P3 receptor [24]. Notably, RNA sequencing of five human ccRCC cell lines (769-P, A498, 786-O, SLR22, and RCC4) revealed that different cell lines expressed different levels of the five genes, with S1P1 and S1P3 being the most abundantly expressed subtypes [24]. In RCC, the increased expression of insulin-like growth factor 2 mRNA-binding proteins enhances the stability of S1P3 mRNA promoting cell proliferation and migration [40], while patients with RCC characterized by a high expression of S1P3 have significantly worse overall survival [41]. These findings highlight the importance of a more selective approach when targeting the S1P receptors and more specifically of the potential of S1P3 antagonists in RCC treatment.



The S1P2 also deserves special attention, as this receptor subtype mediates an upregulation of connective tissue growth factor (CTGF) in the human cRCC cell line A498 following d16:1 S1P stimulation [42]. In this study, it was reported that d16:1 S1P modulates conventional d18:1 S1P signaling by acting as a more potent agonist at the S1P2 than the d18:1 S1P. It must be noted that all sphingoid bases, including d16, d18, and d20 chains, are produced in a rate-limiting step catalyzed by the same enzyme, the serine palmitoyltransferase (SPT) [43].



Recently, it was reported that the decreased expression of one of the two major subunits of SPT, SPTLC1, predicts a poorer outcome in ccRCC patients and is significantly associated with disease progression [44]. Moreover, SPTLC1 was decreased in RCC tissues compared to non-tumor tissues. The forced expression of SPTLC1 could significantly inhibit cell growth in vitro and in vivo in a nude mice xenograft RCC model via, at least in part, modulating Akt/FOXO1 signaling pathway [45].



Interestingly, although the SPTLC1 mRNA levels decrease with the increase of the ccRCC stage [44], which might suggest a reduced production of sphingoid bases, the content of dihydrosphingosine increased progressively with the increasing malignancy grade [29]. Moreover, the level of dihydroceramide, which is an immediate precursor of ceramide, was elevated in G4 tumors, but not in lower malignancy grades [29].



On the contrary, ceramide content, which is at a higher level in ccRCC than in non-cancerous kidney tissues, remained stable in tumors of higher malignancy grades despite the accumulation of dihydrosphingosine and dihydroceramide [29]. This indicates either a block in the ceramide synthesis or a shift towards a particular ceramide subspecies. Notably, mammals have six ceramide synthases (CerS1-6), each exhibiting a preference for the chain length of the fatty acyl-CoA substrate and producing a distinct ceramide species [46]. Indeed, data from RNA-seq databases show that RCC tumors exhibit increased CerS2 mRNA, which is inversely correlated with CerS6 mRNA in ABCB1+ clear cell carcinomas compared to normal tissue [47]. Lipidomics analysis also showed a shift to predominantly longer chain ceramide and sphingomyelin species in chemoresistant ABCB1high cells [47].



The abovementioned study by Młynarczyk et al. (2022) [29] reported on the expression levels of the major S1P-degrading or exporting factors, i.e., SPL, SPP1, SPP2, Spns2, and ABCC1, but no clear trend for a malignancy grade-depended expression was detected. Interestingly, the silencing of Spns2 blocked HIF-2α accumulation in ccRCC cell lines, thus mimicking the effect of the anti-S1P antibody [26] and again highlighting the importance of S1P signaling in the regulation of HIF-2α as a driver of a more aggressive disease in RCC.




3. Glycosphingolipids in Renal Cancer


Galactosylceramide, or galactocerebroside, is produced from ceramide by the attachment of a galactose residue at the 1-hydroxyl moiety. α-Galactosylceramide (KRN-7000, α-GalCer) is a synthetic glycosphingolipid which acts as a synthetic iNKT (invariant Natural Killer T) cell ligand when presented by CD1d [48]. This interaction activates the iNKT and increases the number of iNKT and the production of pro-inflammatory cytokines which later activate the NK, tumor-specific, CD4+, CD8+ T cells, and B cells [49]. Numerous clinical trials have demonstrated tumor regression, a stable disease, partial response, or increased median survival time with α-GalCer therapy in various cancers; however, studies in RCC are missing [49]. Although this immunotherapeutic vaccine approach was suggested to be of benefit in RCC [48], the efficacy is unclear due to contradictory results and scarce studies. In this regard, in vitro α-GalCer-loaded dendritic cells induced the proliferation of iNKT cells derived from a pediatric papillary RCC [50]. However, NK T cells isolated from peripheral blood mononuclear cells (PBMCs) of a fraction of patients with metastatic (m)RCC showed no functional activity towards autologous tumor cells in the presence of α-GalCer [51].



Galactosylceramide is used by cerebroside/galactosylceramide–sulfotransferase (CST) to produce sulfatide. An elevated expression of sulfatide is commonly found in many human cancer cell lines and tissues and may possibly be used as a biomarker of some cancer cells [52]. Sulfatide is a major L-selectin ligand in the kidney, and the binding between L-selectin and sulfatide plays an essential role in monocyte infiltration into the kidney interstitium [52]. In various RCC cell lines, a marked increase of CST mRNA and activity was observed [52]. Moreover, lactosyl- and galactosylceramide sulfate are markedly increased in RCC as compared to healthy tissue, accompanied by significantly elevated activities of their respective sulfotransferases [53,54]. This is also reflected in the plasma and urine of RCC patients, where elevated concentrations of lactosylsulfatides were stage-dependent and more emphasized in late-stage RCC [55]. Nevertheless, Porubsky et al. (2021) could not confirm an association between CST expression and malignant clinical behavior of RCC [56]. Thus, the role of sulfoglycosphingolipids in RCC beyond the potential role as biomarkers for early RCC diagnosis [57] at this moment lacks evidence.



The glucosylceramide synthase (GCS) is overexpressed in metastatic breast carcinoma [58] and drug-resistant breast, ovary, cervical, and colon cancer cells [59]. GCS upregulation is also part of the genetic signature for the progression and metastasis of RCC based on the results of gene-expression profiling of human RCC tumor samples [60]. Since an overexpression of GCS confers drug resistance and the suppression of GCS expression overcomes the resistance by enhancing drug uptake and ceramide-induced apoptosis in breast cancer cells [58,61], this suggests a mechanism that should also be considered in RCC.



Glucosylceramide serves as a substrate for the lactosylceramide synthase to build lactosylceramide. In a xenograft mouse model of RCC a significant correlation between the increase in the mass of lactosylceramide and the tumor volume was detected, and inhibition of GCS and lactosyl-ceramide synthase activities led to a decrease in tumor volume [62].



Starting from lactosylceramide, globosides can be formed by the attachment of sugar residues, and gangliosides by the attachment of sugar residues and sialic acid.



It is now generally accepted that gangliosides produced by cancer cells play a role in immune escape. In the context of RCC, it was demonstrated that explanted RCC tumors produce soluble gangliosides that inhibit the nuclear factor κB activation of co-cultured T cells [63], sensitize T cells to activation-induced cell death [64], or directly induce T-cell apoptosis by caspase activation [65].



For instance, RCC patients present with increased apoptotic T cells compared with T cells from healthy donors, and the majority of those apoptotic T cells were GM2(+) which they acquired from tumor shedding [66]. GM2 originating from RCC was also shown to promote T cell dysfunction by down-regulating cytokine production [67]. Not only do RCCs display increased levels of the gangliosides GD1a, GM1, and GM2 as compared with cells of the normal kidney [65,68], but they also synthesize disialogangliosides which seemingly promote the metastatic capabilities through a mechanism involving the formation of microembolisms [69].



Disialosyl globopentaosylceramide (DSGb5) is a dominant ganglioside isolated from RCC tissues [70] which binds to sialic acid-binding Ig-like lectin-7 (Siglec-7) expressed on natural killer (NK) cells, thereby inhibiting NK-cell cytotoxicity [71]. Higher DSGb5 expression exhibits greater migration potential in ACHN RCC cells and is correlated with metastasis in RCC patients [71,72]. Other gangliosides, such as GalNAc disialosyl lactotetraosylceramide [73] and monosialosyl galactosylgloboside (MSGG) [74,75], bring a higher risk of metastasis; however, the exact mechanisms are still not thoroughly investigated.



Unlike gangliosides, the globosides globotriaosylceramide (Gb3) and globotetraosylceramide (Gb4) are markedly reduced in ccRCC tissue as compared to healthy renal tissue, and they decrease progressively with increasing malignancy grade [29].



There seems to be a connection between the ganglioside and globoside content in RCC cells driven by the action of the plasma membrane sialidase NEU3 [76]. NEU3 silencing in a human primary RCC cell line led to an increase in ganglioside content (e.g., GD1a, GM2, and GM3), and a decrease in the globoside Gb3 content [76]. Moreover, the production of ganglio-series gangliosides was enhanced to the detriment of globo-series gangliosides, particularly MSGG [76]. The effects of this silencing on RCC cell malignant phenotype and behavior were significant and involved drug resistance, invasive potential, and adhesion [76]. Nevertheless, other mechanisms could still play a role in these findings, as an increase of GM3 simultaneous with a decrease of MSGG in the human RCC cell line ACHN following brefeldin A treatment was marked by growth suppression and correlated to the pattern observed in RCC cases with a more favorable prognosis [77].



Considering the proposed functions of gangliosides in other tumors, such as binding to endothelial cells through carbohydrate–carbohydrate interactions, modulation of adhesion receptors, or the promotion of tumor-associated angiogenesis [69], this opens new avenues of research in the roles of gangliosides in RCC progression. Altogether, gangliosides expressed on RCC tumors may be important markers of tumor progression and target antigens for immunotherapy.




4. Free Fatty Acids in Renal Cancer


4.1. Exogenous Uptake of Fatty Acids


Over the last decades, extensive studies have approached the effect of free fatty acids (FA), particularly of ω3-polyunsaturated fatty acids (PUFAs) on cancer cells, and many epidemiological studies support the idea of a correlation between dietary FA intake and the development of cancer [78]. Traditionally, saturated FAs have long been considered harmful, whereas plant monounsaturated FAs (MUFAs) such as oleic acid and ω-3 PUFAs were associated with a lower cancer mortality (Figure 2). However, systematic reviews reveal only weak epidemiological evidence for a clear protection by MUFAs and ω3-PUFAs [79,80]. Certain studies even concluded that certain MUFAs and PUFAs can promote cancer development [81,82,83,84,85].



Data approaching specifically the effect of FA intake on RCC is also scarce and contradictory. In an in vitro study in an RCC cell line, it was shown that PUFAs, including docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), were reducing the invasive profile of cells by upregulating the tissue inhibitor of metalloproteinase (TIMP)-1 [86]. It was hypothesized that ω-3 PUFAs modulated TIMP-1 synthesis by competing with the ω6-PUFA arachidonic acid for cyclo-oxygenase activity. This was supported by detecting reduced prostaglandin E2 (PGE2) production upon the addition of exogenous DHA which in turn elevated TIMP-1 protein levels. In a case control study conducted in Italy, both PUFAs and MUFAs seemed to be protective [87], while a study evaluating the situation in a U.S. population cohort reported an elevated RCC risk with the increased dietary intake of animal fat, saturated fat, oleic acid, and cholesterol [88]. Furthermore, a pooled analysis of 13 prospective studies showed statistically significant positive associations in pooled age-adjusted models for intakes of total fat, saturated fat, monounsaturated fat, polyunsaturated fat, and cholesterol and the incidence of RCC. However, after adjusting for BMI, fruit and vegetable intake, and alcohol intake, the statistically significant association was no longer seen [89]. Clearly more studies are needed to prove dietary FA intake as a risk factor for RCC development.




4.2. Regulation of Fatty Acid Signaling in Cancer


The regulation of oncogenic signaling by FAs has also been considered as a novel therapeutic approach in RCC. Depending on the chain length, FAs can either freely enter the cell or use transport proteins [90,91] (Figure 2). Alternatively, cell surface FA receptors exist, denoted FFARs [92,93] which are subdivided into two groups, the long-chain FFARs (FFAR1/GPR40 and FFAR4/GPR120) and the short-chain FFARs (FFAR2/GPR43 and FFAR3/GPR41). All these receptors belong to the superfamily of GPCRs. Their involvement in cancer cell growth and progression are only now beginning to be unmasked, but it seems that the long-chain FFARs have a different role than short-chain FFARs [93]. Various in vitro studies in prostate, breast, ovarian, and colon cancer cells reveal that dual FFAR1/FFAR4 agonists can reduce the proliferation and migration of cancer cells, supporting the usefulness of these receptors as pharmacological targets [94,95,96,97]. However, so far, no reports are available for FFAR involvement in RCC. Clearly, it will be important to optimize such FFAR agonists for selectivity and potency when considering them for further development.




4.3. Altered De Novo FA Synthesis


Metabolic reprogramming occurs because of mutations in cancer genes and alterations in cellular signaling. In addition to alterations in glucose and glutamine metabolism, increased de novo FA synthesis, uptake, and the suppression of FA oxidation, which eventually leads to lipid droplet (LD) formation, have been recently shown to be a hallmark of the disordered intermediary metabolism in cancer cells [98,99].



The fatty-acid synthase (FASN) is the key metabolic multi-enzyme that is responsible for the terminal catalytic step in FA synthesis (Figure 2). FASN is present at high levels in most human malignancies, especially in gynecological, prostate, and colon cancers [100,101,102], and it is correlates with a worse prognosis [103]. Therefore, FASN is speculated to be a new therapeutic target in RCC.



In a first study, Horiguchi et al. showed increased FASN protein staining in immunohistochemical sections of RCC patients [104]. Positive FASN protein expression was associated with increased tumor aggressiveness and was an independent predictor of shortened cancer-specific survival, suggesting that FASN could be a predictive indicator of disease prognosis [104]. These data were later confirmed by another study [105], which assessed the differential mRNA expression of FASN in 533 ccRCC samples and 72 adjacent normal samples from a TCGA cohort. The data showed significantly increased FASN mRNA in ccRCC samples when compared to normal samples, and the elevated FASN mRNA correlated with a poor prognosis and malignant biological behaviors of ccRCC [105]. Similar data were also obtained by Yuan et al. [106] by using Western blot analysis and immunohistochemical staining of RCC tissue sections for FASN.



FASN up-regulation and its association with a poor prognosis holds true for other cancer types as well [107,108,109], making this a universal cancer feature and thus supporting its usefulness as a therapeutic target of ccRCC. Wettersten et al. [110] revealed that in RCC, metabolic reprogramming is grade-dependent. Interestingly, they reported that the levels of shorter chain FFAs (6:0, 8:0, 9:0, 10:0, and 12:0) were decreased in a tumor grade-dependent manner and this was probably due to an increase in their utilization. Nevertheless, also in this study, FASN was found to be increased on a protein level in cancer tissue when compared to the adjacent nontumor tissue [111]. A functional analysis of FASN in human ccRCC cells showed that down-regulation or overexpression of FASN significantly regulates ccRCC cell proliferation and migration by regulating EMT. Moreover, FASN inhibition also increased the apoptotic rate, decreased lipid droplet formation, and suppressed the mRNA expression of hub genes in EMT [105]. On top of this, the pharmacological inhibition of FASN reduced the growth and invasiveness of renal cancer cells in vitro and in vivo. One possible mechanism could be the disturbance of cell membrane functioning by down-regulated Her2 and EGFR and downstream STAT3 signaling [104], which was shown to play an important role in pancreatic cancer metastasis [112]. The ability of FASN inhibition to suppress cancer cell growth was also proven in a cell line of a pediatric malignant rhabdoid kidney tumor [113]. Additionally, a proteomic analysis of tissue samples of a Wilms tumor confirmed that the expression of FASN was significantly increased in the tumor tissues as compared to adjacent tissues and this was associated with a poorer prognosis [114,115]. All these data suggest that FASN plays a key role in ccRCC carcinogenesis and that the FASN expression level could be equally used as a predictor of poor prognosis in both pediatric and adult renal tumors.



Other than the de novo synthesis, other enzymes in the FA pathway are involved in the altered lipid metabolism of RCC such as altered FA activation, FA uptake, and the suppression of FA oxidation [99]. Once synthesized, FAs need to be activated by conversion to FA acyl-CoA esters by the action of acyl-CoA synthases (ACS) before they are further processed. Depending on the chain length of the Fas, ACSs are divided into different classes, comprising the very long chain (ACSVL), long chain (ACSL), medium chain (ACSM), and short chain (ACSS) synthases. Thus, ACSL converts FAs of C8-C22 chain lengths into an activated form. It represents a group of five isoforms, denoted ACSL1,3,4,5,6 [116]. Increased levels of all these enzymes have been suggested to be involved in molecular processes driving cancer growth and progression [116,117]. While a clear view on the relevance of all the ACSL isoforms in RCC is not yet available, it seems that at least ACSL3 could serve as a potential prognostic biomarker for immune infiltration in ccRCC [118]. Furthermore, ccRCC cells in vitro depend on ACSL3 for lipid droplet formation. Selective pharmacological inhibition or the genetic suppression of ACSL3 is cytotoxic for RCC cells and also reduces the tumor size in an orthotopic mouse cancer model [119]. These data propose that ACSL3 could indeed be a possible pharmacological target for RCC therapy.



The introduction of a double bond into the two saturated FAs palmitoyl-CoA and stearoyl-CoA by the action of the ∆9-stearoyl-CoA desaturase (SCD1) yields the monounsaturated FAs (MUFAs) palmitoleoyl-CoA and oleoyl-CoA which generally represent the main components of cellular lipids including phospholipids, triglycerides, and cholesterol esters.



Notably, in many cancer tissues, including RCC, SCD1 expression is up-regulated [120,121], and consistent with this observation, analyses of the FA profile in the serum of patients with different cancer types showed increased levels of MUFAs, and consequently a reduced ratio between SFA/MUFA. This ratio may also serve as a predictive marker of cancer aggressiveness and patient prognosis, but this would need to be validated in bigger cohorts of patients for the different cancer types [122,123,124,125]. In addition, SCD1 could also serve as a novel pharmacological cancer target. Recently, selective SCD1 inhibitors were developed and tested in disease models [125]. Among these inhibitors, A939572 proved efficient to reduce ccRCC cell growth in vitro, and in an in vivo mouse model, the combination of A939572 plus the mTOR inhibitor (temsirolimus) exerted a synergistic effect on tumor size reduction [121].



Interestingly, SCD1 is a hypoxia-regulated gene and involves HIF-2α as the key transcription factor. Furthermore, there seems to be a synergistic effect between HIF-2α and SCD1 on modulating RCC tumorigenic cell responses [120]. In view of the known regulation of HIF-2α by other lipid classes including sphingolipids (see Chapter 2), it is tempting to speculate that on the level of SCD1, a regulatory cross-talk between FA metabolism and other bioactive lipids also exists.





5. Eicosanoids in Renal Cancer


Eicosanoids are oxidized derivatives of 20-carbon PUFAs formed by the cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450 (cytP450) enzymes (Figure 3). Arachidonic acid is the usual substrate for eicosanoid synthesis [126]. The COX pathways form prostaglandins (PGs) and thromboxanes (TXs), the LOX pathways form leukotrienes (LTs) and lipoxins (LXs), and the cytP450 pathways form various epoxy, hydroxy and dihydroxy derivatives [126].



Eicosanoids can modulate multiple biological processes including cell proliferation, adhesion, migration, angiogenesis, vascular permeability, and inflammatory responses [127]. An altered metabolism of arachidonic acid is a common feature of several epithelial-derived malignancies and has been shown to have crucial roles in cancer progression [128].



5.1. Prostaglandins


The COX/PGE2 pathway and the PGE2 receptors, denoted EP1, EP2, EP3, or EP4, have attracted special interest as pharmacological targets for RCC. These receptors belong to the GPCR family and couple to various G-proteins and downstream signaling cascades [129,130].



In renal physiology, COX-1 is involved in hemodynamic regulation, while COX-2 expression is regulated in response to intravascular volume and is important in maintaining salt and water homoeostasis, and both enzymes largely involve PGE2 [126]. COX-1 is expressed constitutively in the kidney, and while COX-2 is inducible in most tissues in response to injury or inflammation, COX-2 mRNA and protein are present at detectable levels in normal adult mammalian kidneys [131].



COX-2 expression seems to play a role in the inflammation–carcinoma sequence in various epithelial cancers including RCC [132]. The expression of both COX-1 and COX-2 correlates with the clinicopathological features of RCC, including tumor size, tumor stage, and tumor grade [132,133,134]. Yet, there is no clear relationship between COX-2 expression and patient survival [132], and the increased expression of COX-2 may not be an important prognostic factor in conventional RCC [135]. One study even found that COX-2 protein expression is associated with the slow development of metastases, and a favorable prognosis in metastatic RCC [136].



Despite these ambiguities, it is generally accepted that COX-2 exerts a pleiotropic and multifaceted role in carcinogenesis and cancer cell resistance to chemo- and radiotherapy [137]. The exact mechanisms of COX-2 contribution to RCC are under investigation but involve increased cell proliferation, angiogenesis, matrix metalloproteinase (MMP)-2 expression, invasiveness, and metastasis [134,138].



COX-2 in cancer also contributes to immune evasion through several mechanisms [139]. In the context of RCC, it was demonstrated that the overexpression of COX-2 in OS-RC-2 cells leads to higher PGE2 secretion which increases the percentage of Tregs in the CD4+Foxp3- T cells when cultured with medium supernatants [140]. These Tregs in turn suppress the proliferation of CD4+CD25- T cells and it is believed that this suppresses antitumor immunity [140]. Indeed, increased peritumoral Tregs predict a poor prognosis in ccRCC and are positively correlated with intratumoral COX-2 expression [141]. Another proposed mechanism is that RCC inhibits the host antitumor immune response by promoting PGE2 production by PBMC and a shift of the cytokine profile in favor of a Th2 response [142], or that RCC cells induce PGE2, IL-10, and TNF-α production by monocytes, which down-regulate the expression of the cell surface molecules involved in antigen presentation, as well as their endocytic capacity [143].



Acetylsalicylic acid (ASA) and non-ASA non-steroid anti-inflammatory drugs (NSAIDs) which act as unselective inhibitors of COX-1 and COX-2 have an anti-tumorigenic effect in several cancers. However, a meta-analysis found that non-ASA NSAIDs were associated with a higher incidence of RCC [144]. The association was stronger when non-ASA NSAIDs were used at higher doses and for longer periods of time [144]. Hamieh et al. (2018) further showed that in mRCC, there is no difference in the survival outcomes of ASA and non-ASA NSAIDs users compared to non-users [144]. Due to the unselective effect on COX-1 and COX-2, which causes gastrointestinal injury and nephropathy as side effects, more research is focused on COX-2 selective inhibitors [145].



COX-2 selective inhibitors show controversial results in vitro, and while some show cytotoxic effects [146], others do not induce a reduction of cell viability or proliferation of RCC cell lines [147]. In cRCC xenograft models, the COX-2 inhibitor celecoxib inhibited tumor growth only in one out of four different models [148]. Patient studies are also controversial. While a phase-II clinical trial with patients with mRCC demonstrated excellent efficacy of a combination treatment with the COX-2 inhibitor meloxicam and IFN-α [149], the selective COX-2 inhibitor celecoxib in combination with IFN-α did not increase the objective response rate or time to disease progression in mRCC [150]. Additionally, in mRCC patients with maximal COX-2 staining by immunohistochemistry, the celecoxib plus IFN-α combination did not significantly enhance overall response rates over IFNα monotherapy [151].



A combination of COX-2 inhibitors with other drugs, except INF-α, might be a better approach. Notably, a combination treatment comprising meloxicam, cimetidine and a renin–angiotensin system (RAS) inhibitor in mRCC produced favorable responses in a phase II clinical trial of advanced RCC [152]. As COX-2 expression is increased in the hypoxic areas of cRCC xenografts [148], and the activation of the COX-2/PGE2 pathway in RCC cells was hypothesized to lead to the development of sunitinib resistance [153], a concurrent therapy with celecoxib and sunitinib delayed the time to progression in an RCC xenograft model [148] which prompts clinical investigation.



COX-2 expression in RCC tissue does not seem to be correlated to invasion or metastasis [132,134]. Still, in vitro and in vivo data show an association of a COX-2/PGE2/EP axis with invasion and metastasis. This is because in addition to the overproduction of PGE2, the aberrant expression of its receptors can also amplify PGE2 signaling, which can facilitate cancer promotion and metastasis [138]. In particular, EP2 and EP4 may play important roles in the malignant behavior of RCC. EP2 expression did not differ between normal and RCC tissues; however, it was significantly higher in metastasized tumors than in tumors without metastasis. EP4 is closely associated with pathological features, and the stage and metastasis of RCC, thus is a significant predictor of survival in RCC patients [154]. Experiments with RCC cells also evidenced increased EP4 as compared to normal tubular epithelial cells [155], and a reduced tumor intravasation when EP4 was down-regulated in a xenograft model [156]. Moreover, in a CAM assay, the inhibition of EP4 attenuated RCC intravasation and metastasis by downregulating CD24, a ligand to the adhesion molecule P-selectin [156]. In another study, PGE2 promoted RCC7 cell invasion through EP4 and small GTPase Rap signaling [154]. The same group later showed that PGE2 increased SN12C cell invasion through a signaling pathway that encompasses EP2 and EP4, Akt, small GTPase RalA, and Ral GTP inactivator RGC2, further dissecting the downstream pathway [157]. Another proposed mechanism includes a decrease in E-cadherin expression, and an increase of CD44 expression and adhesion to hyaluronan in RCC cells with forced COX-2 expression compared with parental cells [158]. All this, together with the known role of EP4 in the formation of an immunosuppressive tumor microenvironment [159,160], highlights the therapeutic value of targeting EP4 in RCC. So far, two EP4 antagonists, E7046 and BMS-986310, have been explored in clinical studies for advanced RCC (NCT02540291, NCT03661632). E7046 showed no dose-limiting toxicities but induced changes in genes downstream of EP4 [159], proposing further development in this field.




5.2. Thromboxane


In the COX pathway, PGH2, the immediate metabolite from arachidonic acid, can be further metabolized to thromboxane A2 (TXA2) by the enzyme TXA2 synthase (Figure 3). The short-lived TXA2 can then act on the thromboxane receptor (TBXA2R, TP) which exists in two isoforms (α and β). Although TXA2 appears to be of minor importance in the maintenance of renal functioning under physiological circumstances [161], an overexpression of TXA2S mRNA has been reported in renal cancer cells [162]. The relevance of this observation for RCC remains open.



TBXA2R is up-regulated in various tumors, and data from the Cancer Cell Line Encyclopedia show significant up-regulation in renal cancer, although without specification of the type of renal cancer [162]. Interestingly, a mutation of the β isoform of TBXA2R (SNP: rs200445019) was associated with metastatic disease at multiple tissue sites originating from primary renal cancer [162]. Another study shows that the β isoform is highly expressed in RCC cell lines which suggests the TBXA2R-β a candidate for further exploration [163].




5.3. Leukotrienes


Emerging evidence suggests that the LOX pathways are also involved in carcinogenesis. In general, 5-LOX and 12-LOX have potential pro-carcinogenic roles, whereas 15-LOX-2 is thought to have an anti-carcinogenic effect, and the role of 15-LOX-1 remains controversial [128].



Based on the TCGA database, an increased expression of 5-LOX in ccRCC tumors is associated with decreased overall survival [119]. An analysis of primary ccRCC tissues revealed that in the majority of tissues, the protein levels of 5-LOX are significantly increased compared to normal renal cortex biopsies [164,165], which correlated with a large tumor size, but not with the tumor grade or vein invasion [164]. Moreover, 5-LOX was frequently overexpressed in pVHL-reduced and in VEGF-positive ccRCC tumors, which as discussed in the introduction, represent two frequent alterations in ccRCC [164]. Cell culture experiments with RCC cell lines also demonstrate that the loss of pVHL expression leads to high basal 5-LOX and VEGF expression, and that VEGF expression is strongly induced by 5-LOX metabolites in RCC cell lines [164]. Moreover, 5-LOX was found to be a downstream regulator of the ACSL3-induced sensitization to ferroptosis, a non-apoptotic form of cell death, possibly through the production of lipid peroxides from PUFAs [119]. It is reported that the inhibition of 5-LOX in vitro causes a reduction of RCC cells in a concentration- and time-dependent manner [165]. Nevertheless, the concentrations needed to achieve a reduction of viability were high, ranging between 20–80 μM of caffeic acid [166]. Other novel 5-LOX inhibitors, such as the 2,5-dihydroxycinnamic acid phenethyl ester, might be a better alternative. Results showed that this ester compound induced apoptosis at an IC50 of 8 μM and possibly impaired the autophagic flux in the VHL-negative RCC4 cell line [167]. Although an FDA-approved 5-LOX inhibitor (zileuton) exists and is used in asthmatic patients [168], so far no study has addressed its efficacy in an RCC setting.



5-LOX oxidizes the arachidonic acid to 5-hydroperoxyeicosatetraenoic acid (5-HPETE), and the subsequent metabolism of 5-HPETE to 5-HETE and to the unstable LTA4. LTA4 can then be converted to LTB4, which binds to LTB4 receptors (LTB4R, also known as BLT1, and LTB4R2, also known as BLT2), or to cysteinyl LTs (LTC4, LTD4, and LTE4), which bind to the cysLT1 or cysLT2 receptors [128] (Figure 3).



A very recent study showed that LTB4R overexpression promoted proliferation and inhibited apoptosis of ccRCC cells by stimulating the AKT/mTOR signaling pathway [169]. Moreover, migration and invasion were inhibited when LTB4R was depleted [169]. According to the TCGA database, LTB4R was overexpressed in ccRCC samples compared to normal samples and patients with higher LTB4R expressions showed significantly poorer overall survival than patients with lower LTB4R [169]. Accordingly, LTB4R was identified as a prognostic biomarker for patients with ccRCC [170]. A recent study also identified the LTB4R2, a lower affinity LTB4 receptor, to be positively correlated with poor overall survival for patients with ccRCC, and interestingly a positive correlation between Tregs and T cell exhaustion marker genes with LTB4R2 was found [171]. Nevertheless, in vitro and in vivo studies to corroborate these findings are lacking.



The receptors to cysteinyl LTs have also attracted interest as the CysLT1R was shown to be significantly up-regulated in RCC tissues than in normal kidney tissues, and this expression was higher in high-grade compared to low-grade cancer [172,173]. A CysLT1R antagonist in vitro induced a reduction in RCC cell viability through early apoptosis; however, the effect was only evident at 100 µM [172,173].



A recent epidemiological study showed that asthmatic patients taking the CysLTR antagonists montelukast or zafirlukast had a lower risk of several types of cancers compared to non-users [174]. Regarding RCC, zafirlukast induces VHL- and HIF-2α-dependent oxidative cell death in ccRCC cells, which can be rescued with antioxidants and a PARP-1 inhibitor [175]. Furthermore, the inhibition of HIF-2α degradation sensitized wild-type pVHL-expressing cells towards zafirlukast-induced cell death, which suggested that HIF-2α activity might be an important determinant for zafirlukast-mediated cell death [175]. Besides these findings, evidence is still lacking about the potential of LT receptor antagonists in RCC.



12-LOX oxidizes arachidonic acid at position C-12 to produce 12-hydroperoxyeicosatetraenoic acid (12-HPETE) and then 12-HETE. While a 12-LOX expression level is slightly detected in normal kidney tissue, a marked expression is detected in RCC tissues [165]. Additionally, in the RCC cell lines Caki-1, A498, and RC-1, the expression of 12-LOX was confirmed on an mRNA level [176]. Furthermore, the 12-LOX inhibitor baicalein caused a growth inhibition of all three kinds of RCC cells in a concentration- and time-dependent manner [176].



Tumor-associated macrophages, which frequently infiltrate RCC, display enhanced 15-LOX2 activity and the secretion of its major product 15(S)-HETE [177]. This enhanced 15-LOX2/15(S)-HETE activity in the RCC tumor microenvironment positively affects the production of the proinflammatory chemokine CCL2 and immunosuppressive cytokine IL-10, thus promoting local immunosuppression and tumor evasion [177,178].



Overall, 5-, 12-, and 15-LOX-1 coexist in the human kidney but show opposite trends in the course of cancer progression, with increased 15-LOX-1 and decreased 5- and 12-LOX levels at the onset, then reversing with the progressing stage of the disease or grade of tumor [179]. Clearly, more research is needed in the lipoxygenase pathway with regards to RCC.




5.4. HETE and EETs


The role of HETEs and the epoxyeicosatrienoic acids (EETs) in cancer is rather neglected. However, some evidence shows that products of the cytP450 enzymes, notably 20-HETE, can play an important role in cell growth and cancer development [180]. Alexanian et al. (2009) reported that the 20-HETE-generating enzymes CYP4F2 and CYP4F3 are expressed on the mRNA level in RCC cells [181]. The inhibition of 20-HETE synthesis suppressed the proliferation of 786-O and 769-P cells in vitro, while the administration of an apparent 20-HETE signaling antagonist reduces tumor growth in an ectopic mouse model of ccRCC [181]. An LC/MS/MS analysis of the RCC cell line 786-O also revealed the presence of 15-, 12-, and 5-HETEs and 14-, 15-, 11-, 12-, 8-, and 9-EETs [181]. Their individual contribution to RCC is currently unknown.





6. Cannabinoids in Renal Cancer


Cannabinoids comprise a class of highly bioactive lipids that include the psychoactive components of the plant Cannabis sativa, i.e., 9Δ-tetrahydrocannabinol (THC) and cannabidiol, and the endogenously synthesized endocannabinoids. The two main endocannabinoid species are the arachidonic acid derivatives arachidonoylethanolamine (anandamide, AEA) and 2-arachidonoylglycerol (2-AG). All these compounds act as ligands of specific cell surface cannabinoid receptors, named CB1 and CB2, which are G protein-coupled receptors expressed in the central nervous system but also in the periphery.



The biosynthesis of AEA and 2-AG occurs by different parallel routes and involves several enzymes [182,183,184]. The main degrading enzyme of AEA is fatty acid amide hydrolase (FAAH), a ubiquitously expressed intracellular membrane-bound serine hydrolase, while 2-AG is mainly degraded by a monoacylglycerol lipase (MAGL) [184]. To understand the role of cannabinoids in physiological and pathophysiological processes, it is essential to take into account all these anabolic and catabolic enzymes, transporters, and receptors.



Many in vitro studies in different cancer cells and in mouse cancer models were performed to show the growth inhibitory and pro-apoptotic role of THC and endocannabinoids, as well as of selective CB1 and CB2 agonists [185]. Various mechanisms were suggested including an enhancement of ceramide formation [186], or an inhibition of EGF and IGF signaling [187], and even receptor-independent mechanisms [188], for example by targeting the vanilloid receptor TRPV1 [189].



In addition, the modulation of the degrading enzymes, FAAH for AEA, and MAGL for 2-AG, appears to play a role in cancer development [190]. In this view, it was shown that MAGL expression correlates with the malignancy degree in different types of carcinoma and that its enzymatic activity could promote cancer aggressiveness and metastasis formation and thus, that the inhibition of MAGL could have an anti-tumorigenic effect [191,192]. Similarly, FAAH inhibitors can reduce cancer cell growth in vitro and in vivo in mouse xenograft tumor models [193,194,195].



While CB1 and CB2 are obviously involved in anti-tumorigenic mechanisms, it is uncertain whether the expression levels of the two receptors can serve as prognostic markers and allow a conclusion on the malignancy degree of the cancer. Larrinaga et al. [196] analyzed the expression of both CB receptor subtypes in 20 surgically obtained tissue samples of ccRCC. They found a down-regulated CB1 expression in tumor tissue when compared to adjacent non-neoplastic tissue. They concluded that ccRCC is characterized by a reduced CB1 expression and an absent CB2 expression which is in line with the idea that reduced CB1/2 signaling promotes cancer cell growth.



In contrast, Wang et al. [197] reported on a positive expression not only of CB1, but also of CB2, in RCC tissue, and they observed an up-regulation of CB2 in RCC tissues as compared to non-tumoral adjacent tissues. Moreover, by down-regulating CB2 by siRNA in RCC cell lines, or using the CB2 inverse agonist AM630, the proliferation and migration of cells were inhibited. These data led them to propose that specifically CB2 presented an independent prognostic factor for the overall survival of RCC patients, and the use of CB2 inverse agonists or antagonists could serve as a novel pharmacological strategy in RCC [197]. When characterizing a series of eight different human RCC cell lines for CB1 and CB2 expression, it appears that both receptors are expressed, even that the expression of CB2 is higher than CB1 within the same cell line [198]. Notably, CB2 agonists, such as celastrol, have recently also been suggested as an anti-fibrotic drug in renal fibrosis [199,200] and therefore, it will be important to rule out a pro-fibrotic effect of CB2 antagonists before considering such drugs for RCC treatment.



In addition, a retrospective, observational study demonstrated a possible interaction between cannabis use and immunotherapy among cancer patients, including ccRCC, namely a decrease in response rate to immunotherapy when using cannabis. This observed effect could be explained by the immunosuppressive effects of cannabis [201,202], However, these results should be cautiously interpreted because of the study’s design limitations and the nonrepresentative population, given the high number of lung cancer patients (98 of 140) [203].



In summary, few studies have explored the in vitro effects of cannabinoids in RCC and even fewer studies provide population-based evidence for their effectiveness. Thus, further research is required not only to evaluate the crosstalk between cancer signaling pathways and the endocannabinoid system, but also large randomized clinical studies with RCC patients need to be conducted before cannabinoid receptor agonists could be introduced as potential therapeutic options for renal neoplasms.




7. Cholesterol in Renal Cancer


Cholesterol is a crucial component of cell membranes which plays an important role in the organization of lipid bilayers, being essential for membrane biogenesis and required for cell proliferation. Dietary intake is one source of cholesterol, but cholesterol is also synthesized by the liver and circulates throughout the body via low-density lipoprotein (LDL) and high-density lipoprotein (HDL) as carriers.



Several epidemiologic studies suggested a link between being overweight and obesity, and the risk of RCC [204,205,206]. Since the predominantly stored lipids in the cytoplasm of RCC are the cholesterol esters [207], it is of great importance to understand the regulation of cholesterol metabolism in RCC which could hold the key to novel treatment approaches [208]. Surprisingly, despite an increased intracellular accumulation of cholesterol in ccRCC cells, the genes encoding cholesterol biosynthetic enzymes are rather repressed suggesting that RCCs depend on extracellular cholesterol uptake for proliferation and survival [209]. The same authors observed that elevated levels of circulating high-density lipoprotein (HDL) cholesterol increase the risk of developing ccRCC and increased dietary cholesterol intake promotes tumor growth. Moreover, the preoperative serum total cholesterol level was shown to be a poor prognostic factor for patients with surgically treated RCC [210]. Given the association between obesity and increased RCC risk, the fact that obese patients frequently have elevated levels of cholesterol, and the intracellular cholesterol ester accumulation in RCC, further investigations to unravel the cholesterol metabolism alterations in RCC are needed in order to design new pharmacological targets.



In this regard, it should be noted that statins, as inhibitors of the 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, are the most commonly prescribed drug class to reduce plasma cholesterol levels and, as a consequence, can lower the risk of cardiovascular events and mortality. Several observational studies reported that statins have a cancer-preventive effect in certain solid cancers, including RCC [211,212]. Over the years, many larger cohort studies, addressing the link between statin use and cancer risk, have been analyzed and subjected to meta-analyses, but still controversial conclusions remain. In this view, Luo et al. [213] performed a meta-analysis including 35 retrospective studies on the effect of statins in urologic cancers. They concluded that there is no benefit of statins in bladder cancers and RCC, except overall survival; the latter finding was probably derived from the protection from cardiovascular death. A similar conclusion was made by Wu et al. performing a meta-analysis from five studies including 5299 RCC [214].




8. Conclusions and Perspectives


The reprograming of lipid metabolism is a typical characteristic feature of many tumors. Many of the so-far-described bioactive lipids can interfere with cancer-relevant molecular processes including cell proliferation and migration, apoptosis or survival, angiogenesis, and metastasis formation. Therefore, their involvement in RCC is very obvious (Figure 4) and this has been approached in multiple in vitro and in vivo studies over the last decades.



Another hallmark of RCC is the up-regulation of the HIF/VEGF signaling axis. It turns out that the targeting of the HIF/VEGF axis is very efficient in RCC treatment. Therefore, standard therapies to date are mainly focusing on blocking the VEGFR/tyrosine kinase receptor signaling in combination with inhibiting the immune cells. However, resistance development is a main problem, which stresses the need for better treatment options. Not surprisingly, many of the bioactive lipids are regulating HIF/VEGF signaling or the opposite, are themselves regulated by HIF/VEGF, which highlights the attractivity of the lipids as a new targeting strategy for RCC, and it will be exciting to see whether novel therapeutics can arise from these lipid cascades.



At least so far, none of the drugs tested in preclinical models have reached the clinical phase 3. While some of the drugs, such as sonepcizumab and NSAIDs, have failed in phase 2 clinical studies of RCC, others acting on more selective targets in the pathways, such as EP4 receptor antagonists or selective S1PR modulators, may turn out as the key. Additionally, lipids, such as the gangliosides or 15-LOX2 products, are involved in shaping the tumor microenvironment, and they might be important targets for immunotherapy (besides the standard immunotherapy for RCC). Finally, further research is needed in understanding the risk factors for RCC development such as the dietary fat intake.



Very recently, HIF-2α antagonists have been developed and tested positive in clinical trials for RCC. In 2021, the first inhibitor of this class, belzutifan, previously known as MK-6482 or PT2977, was FDA-approved for adult patients with VHL disease who require therapy for associated RCC. The most common adverse event was anemia occurring in 90% of the patients [215].



Another HIF-2α antagonist, PT2399, which is still in preclinical testing, also revealed positive effects in various RCC cell lines and in mouse models. It was also shown that PT2399 had greater activity than sunitinib, was active in sunitinib-progressing tumors, and was better tolerated. However, prolonged PT2399 treatment led to resistance [216].



Another important future step is the identification of reliable molecular biomarkers. Such biomarkers may either allow the early detection and diagnosis of RCC, or allow a prognosis on the risk of relapses and survival. Besides biomarkers obtained from tissue biopsies, urinary and blood biomarkers are becoming more and more attractive as they are more easily accessed than tissue biopsies. So far, reported biomarkers include circulating tumor cells (CTCs), cell-free DNA (cfDNA) in plasma/serum, several miRNAs, and metabolites in tissue, serum, and urine [217,218]. Very promising in these days is the approach of integrated transcriptomics, proteomics, and metabolomics [7,219,220], which will allow the identification of new biomarkers with high sensitivity and high precision.
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Figure 1. Sphingolipid biosynthesis and degradation routes. Changes reported for RCC are highlighted in pink boxes. For abbreviations, see text. 
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Figure 2. Fatty acid metabolism. Changes reported for RCC are highlighted in pink boxes. For abbreviations, see text. 
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Figure 3. Prostaglandins and leukotrienes synthesis pathways and receptors involved. Changes reported for RCC are highlighted in pink boxes. For abbreviations, see text. 
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Figure 4. Summarizing scheme of bioactive lipids regulating renal cell carcinoma. Abbreviations: Cer, ceramide; COX-2, cyclooxygenase 2; FA, free fatty acid; FASN, fatty acid synthase; α-GalCer, galactosylceramide; HIF, hypoxia inducible factor; LOX, lipoxygenase; LT, leukotriene; PGE2, prostaglandin E2; S1P, sphingosine 1-phosphate; Sphk1, sphingosine kinase 1; TXA2, thromboxane A2; VEGF, vascular endothelium growth factor; VEGFR, VEGF receptor. 
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