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Abstract 

The process of tumorigenesis can be described by a series of molecular features, among which alteration of cellular metabolism has recently emerged. This metabolic rewiring fulfils the energy and biosynthetic demands of fast proliferating cancer cells, and amplifies their metabolic repertoire to survive and proliferate in the poorly oxygenated and nutrient-deprived tumour microenvironment. During the last decade, the complex reprogramming of cancer cell metabolism has been widely investigated, revealing cancer-specific metabolic alterations. These include dysregulation of glucose and glutamine metabolism, alterations of lipid synthesis and oxidation, and a complex rewiring of mitochondrial function. However, mitochondria are not the only metabolically active organelles within the cell, and other organelles, including lysosomes, peroxisomes, and endoplasmic reticulum, harbour components of the metabolic network. Of note, dysregulation of the function of these organelles is increasingly recognised in cancer cells. However, to what extent these organelles contribute to the metabolic reprogramming of cancer is not fully understood. In this review we describe the main metabolic functions of these organelles and provide insights into how they communicate to orchestrate a coordinated metabolic reprogramming during transformation. 
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1. Introduction 

[bookmark: _GoBack]Tumorigenesis is a complex and multifaceted process that ultimately leads to unrestrained growth and proliferation of transformed cells. Over the past decades, researchers have attempted to unravel the complexity of the cellular events that drive tumour formation and its evolution. Whilst the mechanisms that lead to transformation are now established (Hanahan et al. 2011), it is emerging that the core metabolic machinery of cancer cells undergoes complex rewiring to fulfil the energy and biosynthetic needs of cancer cells. Fuelled by the development and improvement of novel biochemical and analytical tools, the field of cancer cell metabolism has expanded together with our understanding of the tumour-associated metabolic transformation. The metabolism of glucose and glutamine has undoubtedly taken the spotlight in the study of cancer metabolism. Nevertheless, it is emerging that cancer cells are able to use many other nutrients, from the amino acids alanine (Sousa et al. 2016), cysteine and methionine (Huang 2002; Luo et al. 2010; Módis et al. 2014), to fatty acids (Nieman et al. 2011; Nath et al. 2016), acetate (Schug et al. 2015), choline (Zeng et al. 2014; Glunde et al. 2011), as well as trace metals (Gupte et al. 2009; Basu et al. 2013) and vitamins (Wu et al. 2013; Feldman et al. 2014). What has been partially overlooked in this remarkable scientific endeavour is the notion that the metabolic network is compartmentalised and distributed across various intracellular organelles, including mitochondria, peroxisomes, lysosomes and endoplasmic reticulum. Importantly, the communication among these organelles is vital for the maintenance of a fully coordinated metabolic activity. Consistently, dysfunction of these organelles can contribute to cell transformation. In this review we will describe the metabolic reprogramming of cancer focusing on the contribution of each of the different cell organelles and the small molecule metabolites that derive from their activity.

Hallmarks of metabolic transformation in cancer cells

All cells require constant supply of nutrients from the environment. Nutrients are then broken down (catabolism) for generation of ATP, required to support endoergonic reactions, and metabolic intermediates to maintain cell homeostasis, including DNA synthesis and protein turnover (anabolism). Malignant transformation of cells not only leads to increased nutrient uptake but also profoundly alters nutrient utilisation, shifting the balance from catabolic to anabolic reactions. 
Systematic investigations of the metabolic needs of cancer cells started in the first decades of the twentieth century. Otto Warburg, the pioneer of the field, showed that cancer cells substantially increase the demand of glucose even when oxygen is plentiful (Warburg & Dickens 1927). This process, also known as aerobic glycolysis, gives cancer cells several advantages, beyond generation of ATP. Indeed, a series of pathways branch out from glycolysis: i) the pentose phosphate pathway (PPP), which generates building blocks for the synthesis of nucleotides and maintains cytosolic NADPH pool; ii) the biosynthesis of hexosamine from fructose-6-phosphate for protein glycosylation; iii) the biosynthesis of phospholipids for cell membrane; and iv) the biosynthesis of serine and glycine for protein and nucleotide biosynthesis (Figure 1A). Not surprisingly, all of these pathways have been reported to be dysregulated during tumour development and progression (DeBerardinis & Chandel 2016). In cancer cells, reduced entry of glucose-derived carbons in the mitochondria is frequently mirrored by an increase in glutamine oxidation. The requirement of glutamine for cancer cells was originally demonstrated by Eagle, who showed that HeLa cells require glutamine in up to 100-fold molar excess, relative to other amino acids, in culture medium (Eagle 1955). Through glutamine catabolism, cells generate carbon and nitrogen for the biosynthesis of lipids and various nitrogen-containing small molecule metabolites, including purine and pyrimidine nucleotides, glucosamine-6-phosphate, and non-essential amino acids (Pavlova et al. 2016). Cancer cells exhibit also substantial alterations of lipid metabolism. Cancer cells rely on the uptake of fatty acids and β-oxidation to sustain their survival and metastasis, even in tissues where the lipogenic activity is already high (Kamphorst et al. 2013). In fact, fatty acid β-oxidation is considered as the major bioenergetic pathway in non-glycolytic tumours (Deep & Schlaepfer 2016; Ahmad et al. 2016). Moreover, the dependence of cancer cells on the oxidation of fatty acids is further heightened in nutrient- and oxygen-depleted environmental conditions (Eales et al. 2016). Fatty acid synthase (FAS) expression is also known to be increased in certain cancers. The activity of this enzyme is linked to ether lipid production, which is reportedly increased in particularly aggressive tumours (Benjamin et al. 2013; Lodhi et al. 2014). Although it seems counterintuitive that cancer cells activate both fatty acid oxidation and synthesis, it has recently been proposed that these two pathways might coexist in cancer cells (Carracedo et al. 2013). Equally correlated with cancer aggressiveness is the increased lipid droplets and stored-cholesteryl ester content in tumours (Beloribi-Djefaflia et al. 2016). Another emerging source of nutrients for cancer cells is autophagy, a process whereby intracellular macromolecules are digested in regulated fashion to release metabolites that can be used for biosynthetic reactions. For instance, during metabolic stress conditions, and as the production of stress proteins increases, autophagy is the main source of amino acids. These amino acids thus obtained can be converted into intermediates of the tricarboxylic acid cycle (TCA), thus contributing to generate ATP. Similarly, autophagy can be used to release lipids from intracellular lipid stores, lipid droplets, for subsequent oxidation (Singh et al. 2009). Interestingly, it has been shown that autophagy in stromal cell can release nutrients that are then used by cancer cells for bioenergetics purposes (Sousa et al. 2016). These results suggest that the role of autophagy as energy source might be broader that initially anticipated. 
As indicated in this brief overview on cancer metabolism, the substantial amount of work carried out in the last decade enabled scientists to draw a map of the major metabolic diversions that promote malignant transformation and/or elicit deregulated cell proliferation (Figure 1A). However, this map does account for the distribution of these reactions across the many intracellular organelles in the cells. This aspect of cellular metabolism is the subject of the next paragraphs. 

Compartmentalisation of metabolism

Compartmentalisation of metabolic reactions in distinct subcellular locations is a defining feature of eukaryotic cells, and translates into a complex metabolic network connecting the different organelles. However, the fact that metabolic enzymes are often localised in multiple organelles and the lack of appropriate experimental tools to investigate metabolic trafficking are major barriers to a full understanding of cooperation between these metabolic compartments. Here we will briefly describe how metabolic reactions are compartmentalised within the cells, and how each organelle could contribute to the metabolic reprogramming of cancer (Figure 1B).

Mitochondria

Mitochondria are a defining feature of eukaryotic cells. These organelles are limited by a double membrane structure – the outer and the inner mitochondrial membrane. The outer mitochondrial membrane is permeable to small lipophilic molecules, and presents channels that allow the import/export of small molecules. In contrast, the inner membrane is composed of a densely packed and hydrophobic combination of phospholipids, of which cardiolipin is unique to mitochondria, rendering it highly impermeable to solutes (Szeto & Schiller 2011). This feature of the inner mitochondrial membrane allows the generation of a proton gradient, which is then utilised for generation of ATP via oxidative phosphorylation. From a metabolic point of view, mitochondria are key hubs for the cells. They are involved in fatty acid oxidation, glucose and amino acid metabolism through the TCA cycle, and they generate ATP via oxidative phosphorylation. Furthermore, they are main site of generation of reactive oxygen species (ROS), and play key roles in regulation of cell signalling and cell death (Vyas et al. 2016) (Figure 1B). 
Due to their multiple roles in normal physiology, mitochondria are implicated in a plethora of human inherited disorders and in common diseases, including cancer. Mutations in nuclear and mitochondrial genes encoding for mitochondrial enzymes have been observed in a variety of tumours (Gaude & Frezza 2014). As a consequence, for years it was thought that mitochondrial function was lost in cancer cells. It is now clear that this view was imprecise and that mitochondria can coordinate many of the biosynthesis reactions required for the proliferation of cancer cells, even when partially dysfunctional. For instance, via reductive glutamine metabolism in the TCA cycle, mitochondria supply the cells with citrate that can be used for lipid biosynthesis and protein acetylation when oxygen is limiting (Metallo et al. 2012). Furthermore, mitochondrial function is required for the synthesis of aspartate (Sullivan et al. 2015; Birsoy et al. 2015), a key amino acid for nucleotide and protein biosynthesis. The description of the multiple ways mitochondria react to environmental and genetic cues is beyond the scope of the manuscript and we address the readers to comprehensive reviews on this topic (Weinberg & Chandel 2014).

Endoplasmic reticulum (ER) 

The ER consists of a continuous system of membrane sheets and tubules that contacts and participates in the communication with other cellular compartments, including lysosomes, peroxisomes, and mitochondria. The ER is a metabolically versatile organelle, with an almost ubiquitous participation in the cell’s anabolic and catabolic processes, including protein synthesis and degradation, gluconeogenesis, glycogen synthesis and breakdown, membrane lipid synthesis and recycling, lipid storage, and hormone and drug metabolism (Mandl et al. 2009). ER is also a main site of oxidative protein folding, which requires reduced glutathione (GSH) and NADPH, the two major redox buffers in the cell. However, these molecules are not freely available to ER and mechanisms are in place to guarantee their exchange with the cytosol. For instance, GSH is imported in the ER via yet-unidentified transporter and GSH/GSSH ratio is maintained via a complex redox relay that involves protein disulfide isomerase PDI and ER oxidoreductin 1-α (Ero1-α) (Oka & Bulleid 2013). On the other hand, NADPH/NADP+ ratio in the ER is maintained by the activity of NADPH-generating hexose-6-phosphate dehydrogenase (H6PDH), which, in turn, requires the transport of glucose-6-phosphate, its major substrate. ER is also an important site of lipid metabolism and hosts the machinery for desaturation, elongation, and esterification of phospholipids (Lagace & Ridgway 2013) (Figure 1B). 
As an important site for protein folding, disulfide bond formation, long chain fatty acid extension, and sterol reduction, ER dysfunction could contribute to many pathologies, including cancer. At the same time, the process of transformation is thought to disrupt ER function. Indeed, due to elevated biomass generation, cancer cells increase the rate of protein folding and assembly in the ER, leading to ER stress. Furthermore, the accumulation of aberrantly folded protein in cancer cells is thought to alter protein homeostasis, and, as consequence, to activate the unfolded protein response (UPR). Other features of cancer, such as nutrient starvation, hypoxia, and changes in the redox status, can also contribute to the UPR (Ozcan & Tabas 2012). Notably, UPR can act as an important cancer cell survival pathway (Bohnert et al. 2016; Ryan et al. 2016; Cohen et al. 2015). 
Beside the role of ER stress in orchestrating UPR, very little is known about the contribution of altered ER metabolism in cancer. Recently, Marini et al. (2016) showed that H6PDH participate in glucose oxidation in cancer cells suggesting that ER might be an important site of glucose metabolism and that H6PDH might play roles that go beyond maintenance of redox homeostasis. It will be interesting to investigate the metabolic role of ER in cancer cells.

Peroxisomes

Peroxisomes are single membrane-bound organelles present in all eukaryotic cells and are involved in many biological functions. Due to their high plasticity, the peroxisomes have the ability to respond to cellular or environmental perturbations by modifying their size, number, morphology, and function (Goodman 2012). Our understanding of the metabolic reactions occurring in the peroxisomes and their communication networks is just beginning to emerge (Thoms et al. 2009; Tripathi & Walker 2016), partially due to the fact that this organelle was not identified until the second half of the 20th century (De Duve & Baudhuin 1966). Peroxisomes fulfil important metabolic functions in mammalian cells, including branched and very long chain fatty acid beta-oxidation; etherphospholipid synthesis; bile acid synthesis; fatty acid alpha-oxidation, glyoxylate metabolism; amino acid catabolism; polyamine oxidation; and the oxidative arm of the PPP (Fransen et al. 2012). The observation that several metabolic pathways occur within the peroxisome suggests that substrates, products, and cofactors of peroxisomal enzymes are transported across peroxisomal membranes. Indeed, it has been shown that the peroxisomes membranes express pore-forming proteins that enables the free exchange of metabolites (reviewed in Antonenkov & Hiltunen 2012). Interestingly, the peroxisomal membrane can discriminate between the sizes of the transported molecules, preventing diffusion of molecules larger than 300-400 Da, such as NADH and ATP (Antonenkov & Hiltunen 2012)(Antonenkov & Hiltunen 2012)(Antonenkov & Hiltunen 2012)(Antonenkov & Hiltunen 2012)(Antonenkov & Hiltunen 2012)(Antonenkov & Hiltunen 2012)(Antonenkov & Hiltunen 2012)(Antonenkov & Hiltunen 2012)(Antonenkov & Hiltunen 2012)(Antonenkov & Hiltunen 2012)(Antonenkov & Hiltunen 2012)(Antonenkov & Hiltunen 2012)(Antonenkov & Hiltunen 2012)(Antonenkov & Hiltunen 2012)(Antonenkov & Hiltunen 2012)(Antonenkov & Hiltunen 2012). Given that some biochemical reactions in the peroxisomes require these metabolites, the presence of shuttling mechanisms analogous to the malate-aspartate shuttle for the mitochondria has been postulated (Visser et al. 2007). For instance, the shuttling of NADPH, a cofactor required for peroxisomal redox reactions, is guaranteed by the presence of glucose-6-phosphate dehydrogenase and shuttling of hexoses and the presence of NADP-linked isocitrate dehydrogenases (Figure 1B). 
Among the most investigated function of peroxisomes is fatty acid oxidation (FAO). Peroxisomal FAO shares some similarities with mitochondrial FAO, albeit with subtle, but biologically relevant, differences. Whilst the first step of mitochondrial FAO is catalysed by acyl-CoA dehydrogenase, peroxisomal FAO involves FAD-containing acylCoA oxidase (ACOX), which donates electrons directly to molecular oxygen, yielding hydrogen peroxide that is decomposed by catalase, another peroxisomal matrix enzyme (Camões et al. 2015). Furthermore, whilst both peroxisomes and mitochondria can oxidise medium and long chain fatty acids, very long chain (more than 20 carbons) fatty acids can be oxidised solely in the peroxisomes, thanks to the presence of very-long-chain acyl-CoA synthetase in these organelles (Watkins & Ellis 2012)(Watkins & Ellis 2012)(Watkins & Ellis 2012)(Watkins & Ellis 2012)(Watkins & Ellis 2012)(Watkins & Ellis 2012)(Watkins & Ellis 2012)(Watkins & Ellis 2012)(Watkins & Ellis 2012)(Watkins & Ellis 2012)(Watkins & Ellis 2012)(Watkins & Ellis 2012)(Watkins & Ellis 2012)(Watkins & Ellis 2012)(Watkins & Ellis 2012)(Watkins & Ellis 2012). However, the current view is that the main function of peroxisomes is not to fully oxidise these fatty acids, but to shorten them in preparation for further oxidation in the mitochondria. Peroxisomes are also unique sites for the synthesis of etherphospholipids, molecules involved in the formation of plasmalogens (Schrader & Yoon 2007), a group of phospholipids present in various tissues, including heart, liver, kidneys and brain; and of alpha-oxidation, i.e. oxidation of 3-methyl fatty acids, such as phytanic acid. Finally, peroxisomes play a key role in ROS homeostasis: besides being a main source of hydrogen peroxide, they also contain a set of antioxidant proteins, including catalases – whose deficiency has been linked to increased risk of cancer – and antioxidant metabolites, including plasmalogens (Fransen et al. 2012; Wallner 2011).
Defects in one or more functions of the peroxisome, or in peroxisomes biogenesis, have dramatic effects in metabolic functions such as biosynthesis of cholesterol and plasmalogens, degradation of unsaturated and aromatic fatty acids and beta-oxidation of fatty acids (Ferdinandusse et al. 2016; Frederiks et al. 2010), with important implications for human health. The importance of peroxisomes in pathophysiology is underscored by a broad spectrum of peroxisome biogenesis disorders (Steinberg et al. 2006; Braverman et al. 2013; Van Veldhoven 2010). Defect in peroxisomal biogenesis seem also implicated in cancer. For instance, absence of peroxisomes has been observed in hepatoma (Litwin et al. 1999; Frederiks et al. 2010), colon carcinoma (Baur & Wendel 1980; Lauer et al. 1999), breast cancer (Keller et al. 1993), and renal cell carcinoma (Frederiks et al. 2010). Furthermore, oncogenic signalling cascades, such as those regulated by the hypoxia-inducible factors (HIFs), can affect peroxisome stability leading to peroxisome depletion in clear cell renal cell carcinoma (Walter et al. 2014).
To what extent peroxisomal dysfunction contributes to the metabolic reprogramming of cancer is still unclear. Intriguingly, mice deficient for the peroxisomal enzyme ACOX develop liver cancer (Meyer et al. 2003) and it has been proposed that the accumulation of toxic metabolites due to impairment of peroxisomal FAO contribute to liver tumorigenesis in this model. Furthermore, high expression of the enzyme alpha-methylacyl-CoA racemase (AMACR), a peroxisomal enzyme involved in the oxidation of 2 methyl branched-chain fatty acid, was observed in various cancer types, including prostate (Box et al. 2016). Finally, the ether lipid enzyme alkylgyceronephosphate synthase (AGPS) was found overexpressed in cancers  and its silencing impairs cancer cell growth, migration, and invasion (Benjamin et al. 2013). However, how ether lipids affect tumorigenesis is still under investigation, even though recent evidence suggests they might act as self-ligands to activate the immune system (Facciotti et al. 2012). It has also been proposed that peroxisomal function is linked to aerobic glycolysis in cancer cells. In prostate cells the lactate transporter MCT2 translocates to the peroxisomal membrane where it facilitates pyruvate import to sustain NAD+ regeneration through peroxisomal lactate dehydrogenase and lactate shuttling back in the cytosol. This unexpected activity of glucose-derived metabolites contributes to peroxisomal redox balance and enables the oxidation of very long-chain fatty acids (McClelland et al. 2003; Valença et al. 2015). 

Lysosomes

Lysosomes are acidic catabolic organelles present in all mammalian cells, with mature erythrocytes being the only exception (de Duve 2005; Kallunki et al. 2013). This dynamic organelle is situated at the crossroad of the most important cellular pathways and takes part in sensing, signalling, and transcriptional mechanisms in response to shifts in nutrient availability (Settembre & Ballabio 2014). Although no metabolic pathways are known to occur in the lysosomes, these organelles take part in autophagy and micropinocytosis, two major nutrient scavenging pathways which maintain intracellular amino acid pools (Perera et al. 2015). Besides providing amino acids from these processes, lysosomes participate to macropinocytosis, an endocytic process by which extracellular fluid and its contents are internalized into cells through vesicles called macropinosomes (Commisso et al. 2013). Fusion of the macropinosomes with lysosome then releases frees amino acids through proteolytic degradation of the engulfed proteins (Pavlova et al. 2016) (Figure 1B). 
Malignant transformation of cells impacts on lysosomes and their function. For instance, up-regulation of lysosomal hydrolases is common in human tumours, and it often correlates with increased risk of recurrence and poorer prognosis (Kallunki et al. 2013). Furthermore, defects in autophagy are also a major feature of cancer (Perera et al. 2015). Lysosomes also play roles in other opportunistic processes of nutrient acquisition - an hallmark of cancer metabolic transformation - such as entosis and phagocytosis (Kroemer & Perfettini 2014), or macroautophagy (Yang & Klionsky 2010). Finally, The expression of lysosomal genes and lysosomal biogenesis transcription has been shown to be regulated by factor EB (TFEB) (Sardiello et al. 2009), which together with TFE3, has been implicated in the chromosomal translocations observed renal cell carcinomas (Kuroda et al. 2012; Ellati et al. 2016).

Metabolic cooperation among organelles

From this overview it emerges that besides mitochondria, which thus far have taken the spotlight in cancer metabolism research, other intracellular organelles are involved in the metabolic reprogramming of cancer. The physical proximity of these organelles suggests the presence of a simultaneous bidirectional transfer of molecules between them (Shai et al. 2016). Nevertheless, our understanding of how these organelles communicate to maintain a synchronised metabolic cascade is still poor. Below we present the current understanding of this metabolic cooperation.
Interactions between mitochondria and ER have been widely investigated in the past, mostly due to the well-established exchange of calcium among them (Marchi et al. 2014). The ER and mitochondria join together at multiple contact sites to form specific domains, the mitochondria-ER associated membranes (Marchi et al. 2014). The function of these contact sites is under intense investigation. We now know that they are involved in trafficking of lipid species and in autophagosome formation (Hamasaki et al. 2013). The communication between ER and mitochondria has important physiological roles. When ER function is disrupted, the subsequent dysregulation of calcium homeostasis leads to mitochondrial dysfunction (Patergnani et al. 2015; Giorgi et al. 2015). Conversely, impaired mitochondrial function leads to ER stress. To what extent mitochondrial and ER metabolism are interconnected is still unknown but it is reasonable to anticipate the existence of a regulated exchange of metabolites and reducing equivalents between these organelles. 
Another important interaction between organelles is that between mitochondria and peroxisomes. The relevance of the peroxisome-mitochondria axis is corroborated by the observations that both organelles share key proteins for their biogenesis and division machinery (Schrader et al. 2013). Given the lack of TCA cycle and respiratory chain, continued metabolism of the peroxisome-generated products requires cross-talk with mitochondria (Wanders 2013). Indeed, as described above, peroxisomal lipid oxidation is incomplete and shortened acyl-CoA are sent to mitochondria for full oxidation. At the same time, peroxisomes can initiate the catabolism of very long fatty acids that could not be oxidised in the mitochondria, therefore preventing the toxic effects which would arise from their accumulation (Schrader & Yoon 2007). Different classes of small molecules, including fatty acids, bile acids and ROS that accumulate in dysfunctional peroxisomes can affect mitochondrial function (Peeters et al. 2015; Salpietro et al. 2015). Conversely, mitochondrial dysfunction could result in the disruption of peroxisomes function (Peeters et al. 2015). 
The communication between mitochondria and lysosome has been less investigated. Data on lysosomal disorders suggest that disruption of lysosomal function leads to mitochondrial fragmentation, mostly mediated by lipofuscin, a metabolite generated in the lumen of damaged lysosomes (reviewed in Brunk & Terman 2002). This inter-organelle relation is mutual and mitochondrial dysfunction could also lead to alterations of lysosomal function. For instance, it was showed that mitochondrial dysfunction caused by the genetic ablation of the transcription factor Tfam, leads to impaired lysosomal function and sphingomyelin accumulation, at least in T cells (Baixauli et al. 2015). 
It is worth noting that the above-described metabolic pathways are intertwined with other well-established functions of these organelles, suggesting that any disruption in the metabolic network could have repercussions on other signalling cascades that use these organelles as platform. For instance, mitochondria are key players in the apoptotic cascade(Tait & Green 2013). It is therefore reasonable to think that perturbations of metabolic fluxes, indirectly affecting mitochondrial function, could also affect sensitivity to apoptosis. Indeed, by virtue of this nutrient sensing mechanism, mitochondria ensure that only cells exposed to adequate access to nutrients can survive (reviewed in (Nunnari & Suomalainen 2012)). Conversely, cell death proteins, such as the BH3-only member BAD, can influence the metabolic efficiency of mitochondria, corroborating the mutual link between mitochondrial metabolism and apoptotic machinery (Danial 2008). Decoupling this mechanism would enable cells survival even when nutrients are scarce, a prerequisite for cancer growth. ER function is also intimately related to metabolism. For instance, changes in availability of glucose-6-phosphate could affect H6PDH activity and therefore NAPDH/NADP ratio in the ER, and, as a consequence, protein folding efficiency, potentially leading to UPR. Intracellular accumulation of saturated fatty acids and cholesterol could also affect ER and lead to UPR (Wei & Wang 2006). These results underscore the complex crosstalk between metabolism and cell signalling and suggest that the implications of altered metabolism in cancer could be broader than anticipated.

Challenges and future directions

Both biological and technological challenges are hindering our understanding of the complex communication among organelles and its role in cancer. From a cell biology point of view, the mechanisms of regulation of the inter-organelles communication are far from understood. If on one hand this communication is orchestrated at the metabolic level, as described above, metabolic changes can also be integrated by more complex signalling cascades that result in adaptive cellular responses. One of the most investigated nutrient sensing machinery is that orchestrated by the mechanistic target of rapamycin (mTOR) complex, which involves a plethora of upstream and downstream kinases (Laplante et al. 2012). It is likely that this networks play a prominent role in the communication between the various organelles, in health and in disease. In support to this hypothesis, we now know that components of the mTOR machinery are distributed in various organelles, including lysosomes, mitochondria, and peroxisomes (Betz & Hall 2013). Understanding how the signalling and metabolic network communicate each other in multiple compartments and how this communication is dysregulated in cancer will be a crucial step in the field. Indeed, it will enable us to understand the contribution of each organelle to cancer transformation and will help to target the effects of anti-metabolic drugs to specific compartments, without disrupting unwanted parts of the metabolic network.  
To improve our knowledge of this complex communication among organelles we need to overcome several technological hurdles. For instance, current technologies to probe cell metabolism, including mass spectrometry, require cell lysis, which disrupts cell architecture, hampering our possibility to distinguish between different pools of metabolites in the cell. Moreover, we currently lack the tools to selectively perturb specific subcellular compartments, thus allowing us to obtain the spatial and temporal resolution necessary to elucidate the flow of small molecules between the various organelles. An additional aspect to be considered is the propagation of the metabolic cascade upon perturbation of the metabolic network. Steady-state measurements seldom inform on the changes in flux through particular pathways. Furthermore, current methods still lack the ability to detect small shifts in the directionality or magnitude of flux which, taken individually, might not be biologically relevant but may interact synergistically in a way that produces profound changes in the network. Finally, the community needs to develop tools to integrate different layers of complexity in the cell. In the past decade we have expanded remarkably our capacity to probe the cell at various levels – gene, protein, and small molecule – and to interrogate those multi-omics datasets. However, each layer of information is often analysed in parallel, rather than truly integrated. The capacity to integrate these layers would help us to understand how metabolism affect signalling and, vice versa, how signalling affects metabolism. 

Conclusions

Reprogramming of cell metabolism is a recent hallmark of cancer. In the past decades, the major features of this metabolic reprogramming have been elucidated. However, we now need to consider that metabolism is not a simple bi-dimensional map, as generally depicted (Figure 1A), but rather a three-dimensional set of reactions separated in multiple compartments within the cell (Figure 1B). While compartmentalisation of metabolic pathways allows regulatory mechanisms to control them, it also implies that any disturbance in one organelle can reverberate across the entire cell. Each organelle plays multiple roles, depending on the organ, developmental and physiological status, and it has become clear that in order to perform their functions they are intertwined in a vast and complex metabolic network that relies on their cooperation. While our knowledge on the biochemistry of each organelle is vast, the mechanisms and dynamics of organelle interplay in health and in disease remain elusive. We now face the challenge of having to define the boundaries of the metabolic network, and to understand the communication and cooperation among the various sub-cellular compartments. In discovering how organelle cross-talk is wired and functions to support pathological events we will also deepen our understanding of the metabolic reprogramming of cancer, thus enabling novel and more effective anti-neoplastic strategies to be devised.
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Figure legend.

Figure 1. The enhanced map of cancer metabolism. Schematic representation of the major hallmarks of the metabolic transformation in cancer (A) and the compartmentalisation of major metabolic pathways across the cell (B) depicting also the metabolic cooperation among different organelles. 2-OG: 2-oxo-glutarate; ACOX: acyl-coenzyme A oxidase; Ac-CoA: acetyl coenzyme A; AMACR: Alpha-Methylacyl-CoA Racemase; 6PG, 6-phosphogluconate: FA: fatty acids; G6P: glucose 6-phosphate; H6PDH: hexose-6-phosphate dehydrogenase; Idp2p: cytosolic isocitrate dehydrogenase; Idp3p: peroxisomal isocitrate dehydrogenase; VLCFA/LCFA: very long/long chain fatty acids; MCFA/LCFA: medium/long chain fatty acid; BCFA: branched chain fatty acids; LDH: lactate dehydrogenase; MCT: monocarboxylate transporter; PPP: pentose phosphate pathway; ROS: reactive oxygen species; TCA: tricarboxylic acids; OxPhos: oxidative phosphorylation; GSH: glutathione. Dashed lines indicate a series of reaction in a complex pathway, whereas solid lines indicate a single step reaction.
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