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Abstract
Our understanding of cancer has recently seen a major paradigm shift resulting in it being viewed as a metabolic disorder, and altered cellular metabolism being recognised as a hallmark of cancer. This concept was spurred by the findings that the oncogenic mutations driving tumorigenesis induce a reprogramming of cancer cell metabolism that is required for unrestrained growth and proliferation. The recent discovery that mutations in key mitochondrial enzymes play a causal role in tumorigenesis suggested that dysregulation of metabolism could also be a driver of tumorigenesis. These mutations induce profound adaptive metabolic alterations that are a prerequisite for the survival of the mutated cells. Because these metabolic events are specific to cancer cells, they offer an opportunity to develop new therapies that specifically target tumour cells without affecting healthy tissue. Here, we will describe recent developments in metabolism-based cancer therapy, in particular focusing on the concept of metabolic synthetic lethality. 

1. Introduction
Cancer is thought to arise through sequential genetic changes that ultimately convert a normal cell to a fully transformed one. However, research over the past decade revealed that the process of transformation is accompanied by profound metabolic changes, adding deregulation of cellular energetics to the list of emerging hallmarks of cancer [1]. The discovery that tumour cells undergo metabolic re-programming was first reported by Otto Warburg almost a century ago [2] but the connection between cancer and metabolism was temporarily eclipsed by the discovery of the role of oncogenes and tumour suppressors in cancer. However, recent findings demonstrating a link between the oncogenic mutations that drive tumorigenesis and the mechanistic basis of cancer metabolism have led to renewed interest in the field [3]. It is now established that oncogenic pathways such as those supported by RAS or MYC promote glycolysis [4], while tumour suppressors like p53 inhibit it [5]. Beside these major pathways, a number of metabolic enzymes has been found to be mutated in cancer [6]. These findings suggest that dysregulation of metabolism is not only a consequence, but also a cause of tumorigenesis [7]. If on one hand the metabolic reprogramming is required to support growth and proliferation of cancer cells, on the other hand it exposes their Achilles’ heel. Indeed, since these metabolic events are specific to cancer cells, they offer an opportunity to develop new selective therapies that would target tumour cells without affecting healthy tissue. In this review we will describe recent developments in metabolism-based cancer therapy, focusing on the concept of metabolic synthetic lethality. 

2. Targeting cancer metabolism

2.1 Anti-metabolic therapy 
The idea of targeting cancer metabolism traces back to the original work of Sydney Farber, who, after some failed attempts, for the first time successfully used inhibitors of folate synthesis to kill leukaemia cells [8]. Despite having some toxicity in normal proliferative tissues such as the intestinal epithelium and bone marrow, antifolates are still effectively used in combined therapies to target increased nucleotide and DNA synthesis in tumour cells [9]. Since then, the so-called antimetabolites, i.e. anticancer drugs that affect nucleotide biosynthesis, have been amongst the most successful drugs for cancer therapy [10]. However, the metabolic reprogramming of cancer goes beyond altered nucleotide biosynthesis. 

The first of the metabolic features to be identified in tumor cells was an increase in glucose uptake and glycolysis leading to an increase in lactate production [11]. Although, this feature is specific to cancer cells it still involves many of the same glycolytic enzymes used by normal cells; making it a difficult cancer-specific target. Nonetheless, some enzymes are preferentially used by cancer cells and their targeting has yielded positive results. These include glucose transporters (such as GLUT1), hexokinases (such as HK2), phosphofructokinases (such as PFK1), pyruvate kinase (PKM2) and intracellular lactate transporters (monocarboxylate transporters MCT1 and MCT4) [6, 9].

Glycogen is a multi-branched polysaccharide of glucose that is used by the cell as energy storage. Its metabolism was showed to be up-regulated in many tumour types and to play a role in metabolic reprogramming of tumour cells under stress conditions such as glucose deprivation or hypoxia [12]. Depletion of glycogen phosphorylase (PYGL), an enzyme that catalyzes glycogen degradation, has been shown to impair tumorigenesis in vivo. Its expression is increased in vivo following treatment with bevacizumab, an angiogenesis inhibitor [13], suggesting that targeting this pathway in hypoxic tumours might be effective. 

In addition to the widely studied dysregulated glucose metabolism, it has become apparent that many other metabolites are also used by cancer cells to fuel tumorigenesis including a wide array of amino acids such as glutamine, serine, glycine, proline, and arginine [14]. High levels of de novo serine biosynthesis has been observed in some cancer cells and suppression of phosphoglycerate dehydrogenase (PHGDH) activity, an enzyme involved in serine biosynthesis, preferentially inhibits the proliferation of these serine-dependent cells [14]. Of note, novel PHGDH inhibitors have been recently developed [15, 16] and they exhibit excellent antiproliferative properties in PHGDH-amplified cancer cells. 

In many cancers, glutamine is used as a major source of carbon and nitrogen, and approaches that target glutamine metabolism have been investigated as a potential way to reduce cancer cell survival [17]. For example, inhibition of the glutaminase 2 (GLS2) with small-molecule inhibitor such as alkyl benzoquinone AV-1, suppresses oncogenic transformation of cancer cell lines without affecting the growth of normal cells [18]. Furthermore, a combination of glutamine-analogue acivicin and GLS2 inhibitor synergistically reduces the proliferation and invasion of some cancer cell types [19]. 

Glutamine and proline metabolism are interlinked and recent studies show that the regulation of proline metabolism plays a role in carcinogenesis [20, 21]. Proline biosynthesis from glutamine is increased by MYC [22] through up-regulation of the expression of the enzymes involved in its biosynthesis pathway [23]. Blockade of proline biosynthesis decreases tumor cell growth and energy production, and recent evidence shows that proline oxidase (POX), an enzyme catalyzing the first step of proline degradation, plays an important role in tumorigenesis and tumor growth by maintaining pyridine nucleotide levels [23, 24].

Asparagine is another key metabolite for cancer cells [6]. Consistently, another example of amino acid-based anti-metabolic therapy for cancer is asparaginase, an enzyme that converts asparagine to aspartic acid. Asparaginase is used in the treatment of acute lymphocytic leukaemia (ALL), where cancer cells are characterised by poor ability to synthesize asparagine de novo due to suppression of asparagine synthetase (ASNS). The systemic administration of asparaginase eliminates the exogenous supply of asparagine and selectively affects ALL cells [25]. Interestingly, asparagine deprivation and the silencing of ASNS have been identified as key liabilities for sarcoma in a functional genomic screening [26]. Similarly, arginine-depleting strategies are used for cancer cells that cannot synthesise arginine due to suppression of the urea cycle enzyme argininosuccinate synthetase 1 (ASS1). Among the commonest treatment strategies for arginine depletion are pegylated arginine deiminase (ADI-PEG20), an FDA approved drug in advanced clinical trials for hepatocellular carcinoma, melanoma and prostate cancer and mesothelioma cells, and recombinant human arginase, a drug in early phase I clinical trials for melanoma, renal cell carcinoma, prostate cancer and hepatocellular carcinoma  [27].

Lipid metabolism has also been shown to play a central role in tumorigenesis [28] and studies have demonstrated the efficacy of inhibition of lipogenic enzymes such as fatty acid synthase (FASN), ATP citrate lyase (ACLY) and Acetyl-CoA carboxylase (ACC) using Orlistat, SB-204990 and TOFA, respectively, as anticancer therapies in various preclinical models of carcinogenesis [29, 30].

Targeting metabolic pathways seems a promising cancer-specific therapy. However, this strategy has not fully translated into compelling clinical results [31]. It is possible that, given the ubiquitous nature of metabolic reactions and the flexibility of the metabolic network, metabolism is more difficult to target than originally anticipated. Hence, alternative strategies have been recently proposed. This is where the concept of synthetic lethality has gained traction. 

2.2 Metabolic synthetic lethality, a novel approach for cancer therapy
First reported in the early 20th century by the American geneticist Calvin Bridges, synthetic lethality (SL) describes a genetic interaction whereby the combination of mutations in two or more separate genes results in a lethal phenotype, whereas mutation of each gene individually does not affect cellular or organismal viability [32-34]. SL interactions are more commonly associated with loss of function alleles but can also apply to gain off function alleles; the process is then known as synthetic dosage lethality (SDL). SDL denotes a genetic interaction whereby silencing of a gene combined with the overexpression of another gene is lethal to the cell. As cancer cells often overexpress specific tumour-driving oncogenes that are difficult to target directly, silencing their SDL partners may result in specific elimination of these cells. By exploiting the intrinsic differences between cancer and healthy cells, SL-based therapeutic approaches can specifically target tumour cells in a way that is often not achievable using conventional therapeutic drugs. Recent technological developments in genome-wide profiling made possible the systematic screening for SL interactions in human cells using small molecule inhibitors or high-throughput RNAi-based screens. These screens have been successfully used to identify SL pathways associated with known tumour suppressors and oncogenes [35]. One classic example is the inhibition of poly (ADP-ribose) polymerase (PARP) in cancer cells that harbour breast-cancer genes BRCA1 and BRCA2 loss-of-function mutations resulting in specific lethality to these cells [36]. The BCR-ABL fusion oncogene is a major driver of tumorigenesis in chronic myelogenous leukaemia. Addiction of the tumour cells to the constitutively active BCR-ABL protein kinase results in sensitization to imatinib [37] and a recent screen identified a SL interaction between STAT3 and BCR-ABL [38]. The MYC oncogene contributes to the formation of a large number of cancers. A recent study aimed at identifying SL partners of oncogenic MYC has revealed that the most overrepresented functional categories among MYC SL genes are DNA-repair and cell cycle [39]. In that context, bromodomain-containing proteins cat eye syndrome chromosome region candidate 2 (CECR2), BRCA1-associated RING domain protein 1 (BARD1) and ATPase Family, AAA Domain Containing 2 (ATAD2) as well as cyclin-dependent kinase 12 (CDK12) recently emerged as synthetic lethal interactors of MYC [40-42]. In addition, a SL RNAi screens using MYC overexpression also highlighted synthetic dosage lethal MYC partners, such as the ubiquitin ligase FBXW7 [40].  

Recently, the concept of SL has been applied to cellular metabolism. For example, AMPK-related kinase 5 (ARK5) was shown to be SL with oncogenic MYC via activation of the mammalian target of rapamycin (mTOR) pathway [43]. In oncogenic MYC cells, inhibition of ARK5 results in a drop in ATP levels and leads to subsequent induction of pro-apoptotic responses. In addition, depletion of ARK5 in MYC-driven mouse models of hepatocellular carcinoma extends survival and demonstrates the therapeutic value of this synthetic lethal interaction. As discussed above, recurrent metabolic feature of cancer cells is an increase in glycolysis. Activation of this pathway generates high levels of lactate from pyruvate through lactate dehydrogenase A (LDH-A). This reaction reduces nicotinamide adenine dinucleotide (NAD+) into NADH, which is used to transport electrons to the electron transport chain (ETC). The Combination of LDH-A inhibition with small inhibitor FX11 and FK866, a NAD+ synthesis inhibitor, reduces the NAD+ cellular pool in lymphoma resulting in tumour regression [44]. 

Because of the intricacy of metabolic networks and the complexity with which these are reprogrammed in cancer cells, in silico modelling approaches to investigate SL interactions have also been proposed [45]. For instance, in a recent study a genome-wide network model of cancer metabolism was generated to identify genes that are essential for the proliferation of cancer cells, revealing unexpected metabolic liabilities of cancer [46]. Extending this approach, Yizhak and colleagues investigated SL genes that operate in cancer cells but not in normal lymphoblast cells, thus further increasing the therapeutic window of the eventual targets [47]. Their model was also able to build personalised metabolic profiles of lung and breast cancer patients and successfully infer their prognosis [47]. Finally, using genome scale modelling, Megchelenbrink and colleagues identified SDL pairs in cancer, opening the way for targeting metabolic genes in cancers where specific oncogenes are expressed [48]. In the next chapter we will describe specific examples of metabolic SL applied to tumours caused by mutations of mitochondrial enzymes. 

2.3 Mitochondrial defects and cancer: tackling the weak spot.
The identification of inherited and acquired mutations in enzymes of the TCA cycle that play a causal role in carcinogenesis, namely succinate dehydrogenase (SDH), fumarate hydratase (FH), and isocitrate dehydrogenase (IDH), has represented an ideal scenario to exploit the concept of metabolic SL. Before their discovery as tumour suppressors, FH and SDH were considered housekeeping genes, whose mutations would not be compatible with life [49]. The observation that these mutations were viable and, more importantly, can lead to cancer suggested that their loss would be compensated by specific metabolic adaptations. The identification of the components of this metabolic re-routing would be crucial to discover SL partners with these enzymes (illustrated in Fig. 1). We will summarise the various approaches used to uncover metabolic liabilities in FH and SDH-deficient cancers. 

2.3.1. Succinate dehydrogenase SDH, also known as mitochondrial respiratory complex II, is the only mitochondrial enzyme involved in both the TCA cycle and electron transport chain. SDH complex is composed of four subunits, all encoded by nuclear DNA. Two subunits, SDHA and SDHB, are hydrophilic and protrude towards the mitochondrial matrix. They catalyse the oxidation of succinate to fumarate and are part of the TCA cycle. The other two subunits, SDHC and SDHD, are hydrophobic and membrane-bound, and transport the electrons from succinate two ubiquinol through the electron transport chain [50]. The report of SDHD mutations in familial head and neck paraganglioma in 2000 [51] provided the first link between TCA cycle enzymes dysfunction and tumour predisposition. Since then, all SDH subunits and assembly factors have been implicated in various forms of cancer. For instance, SDHA [52], SDHB [53], SDHC [54], and SDHAF2 , a mitochondrial protein that plays an important role in the assembly of the SDH complex, [55] were found mutated in hereditary paraganglioma and pheochromocytoma (See review [56] for more details). SDHB and SDHC mutations were found in gastrointestinal stromal tumours (GISTs) [57], whereas SDHB was reported mutated in renal cell carcinoma [58]. SDHB and SDHD mutations were detected in both papillary and medullary thyroid carcinoma [59] whereas SDHD mutations have been reported in testicular seminomas [60]. Finally, SDHB deletions were identified in neuroblastoma patients [61]. Therefore, SDH is emerging as a key player in tumorigenesis.

Neoplastic transformation occurs upon loss of heterozygosity of the wild type SDH allele, resulting in the complete loss of enzyme function [62], making SDH a bona fide tumour suppressor gene. Initial studies showed that SDH inactivation results in impaired respiration due to a truncated TCA cycle, and abnormal accumulation of succinate [63]. This metabolite has been considered an important driver of SDH-deficient tumours. It was shown to activate hypoxia-inducible factors (HIFs) and to inhibit 2-oxoglutarate (2OG)-dependent histone and DNA demethylases, resulting in the development of a pseudohypoxic [63] and hypermethylator phenotype in tumours [64]. The metabolic adaptations that allow tumour cells to grow and divide without this important enzyme are not completely understood. Recent experiments elucidated important features of SDH-deficient cells. Liquid chromatography-mass spectroscopy (LC-MS) profiling to identify the metabolic alterations associated with SDHB loss indicated that, while SDHB-competent cells showed a net secretion of pyruvate, this metabolite ranked as the third most consumed in the SDHB-deficient lines. Pyruvate deprivation selectively impaired the proliferation of SDHB-deficient cells and, surprisingly, intracellular steady-state pyruvate levels decreased in SDHB-depleted cells incubated with pyruvate-depleted medium. Further investigations revealed that exogenous pyruvate is required for the generation of aspartate, a critical metabolite for cell growth. This suggests that the cells need to increase their pyruvate uptake because their biosynthetic capacity is not sufficient to fulfil their demand for this amino acid. Interestingly, SDHB-deficient cells preferentially use pyruvate carboxylase (PC) to generate oxaloacetate, required to maintain the aspartate pool [65, 66]. Consequently, PC down-regulation specifically reduced the proliferation of these cells in vitro, and reduced the capacity of RAS-transformed SDHB-deficient cells to form tumours in immuno-deficient mice. PC expression was showed to be induced in SDH-mutated PGLs and PCCs compared with non-mutated SDH tumours [65]. Stronger cytoplasmic immunostaining of PC was also observed in tumour epithelial cells of SDH-mutated renal cell carcinomas (RCC) compared to normal adjacent renal tissue [65]. Thus, PC appears to be SL with SDH and its silencing selectively affects the proliferation and tumorigenic capacity of SDH-deficient cells. In vivo validation of this interaction would prove to be an important step towards developing therapies to target pathologies driven by SDH deficiency.

2.3.2. Fumarate Hydratase FH is a homotetrameric enzyme that catalyses the hydration of fumarate to malate. Loss-of-function mutations in FH have been associated with Hereditary Leiomyomatosis and Renal Cell Carcinoma (HLRCC), a cancer syndrome characterized by a malignant form of renal cancer [67]. FH mutations were also identified in cerebral cavernomas [68], neuroblastomas [61], Leydig cell tumours [69], and ovarian mucinous cystadenomas [70]. Very recently, germline FH mutations have also been found in patients with PCC/PGL [71, 72]. 

Similar to mutations in SDH, FH mutations lead to loss of enzymatic function, and neoplastic transformation also occurs upon loss of heterozygosity of the wild type allele [67, 73]. One of the major consequences of FH inactivation is the aberrant accumulation of fumarate, recently defined as an oncometabolite due to its role in tumorigenesis [74]. Several mechanisms have been proposed to explain the oncogenic activity of fumarate. For instance, in a mechanism similar to that of succinate, fumarate was shown to act as a competitive inhibitor of multiple 2-OG-dependent dioxygenases, including histone and DNA demethylases, and HIF inhibitors prolyl hydroxylases. By affecting these pathways, fumarate causes genome-wide epigenetic changes and HIF stabilisation [75, 76]; both of which are thought to contribute to tumour initiation and progression of HLRCC. However, although HIFs are strongly expressed in kidney tumours from HLRCC patients [75, 77], the genetic ablation of HIFs in kidneys of Fh1-deficient animals does not abolish cyst formation but, on the contrary, exacerbates it [78], arguing against an oncogenic role of HIF in these tumours. An alternative link between fumarate accumulation and tumorigenesis was recently proposed. It was found that fumarate binds and inactivates functional thiol residues of Kelch-like ECH-associated protein 1 (KEAP1), the negative regulator of the antioxidant master gene nuclear factor erythroid 2-related factor (NRF2), leading to the activation of a strong antioxidant response [78, 79]. However, despite having long being implicated in several cancers, it is still unclear whether NRF2 inactivation is sufficient to induce tumour formation in HLRCC or if its inactivation is simply a secondary effect of fumarate accumulation [80, 81]. Recently, our group investigated the link between fumarate accumulation and tumorigenesis. We found that FH loss and the subsequent accumulation of fumarate leads to an epithelial-to-mesenchymal-transition (EMT) [82], a phenotype that is associated with cancer invasion and metastasis. Of note, we found that fumarate can induce EMT via the epigenetic suppression of a family of anti-metastatic miRNAs, miR-200 [82]. Therefore, the epigenetic function of fumarate seems to be critical for the emergence of a key molecular signature of FH-deficiency. 

Some of the metabolic liabilities in FH-deficient cells have been recently described using a mouse model of FH-deficiency [83]. In silico modelling reconstruction of metabolic networks aiming at predicting genes that are SL with loss of Fh1 activity identified 24 genes, with 18 of these belonging to the haem metabolism pathway, suggesting this pathway is crucial to the survival of Fh1-deficient cells [83]. In line with the model’s predictions, Fh1-deficient cells secreted higher levels of bilirubin and the silencing of Hmox1, the rate limiting enzyme of the pathway, resulted in a significant reduction in growth of Fh1-deficient cells, with little effect on the control cells [83]. This interaction was extended to a human model of FH deficiency, using the HLRCC-derived renal cancer cell line UOK262. Restoring TCA function to the FH-deficient UOK262 cells by re-expressing ectopic FH restored fumarate levels and mitochondrial respiration, reduced bilirubin secretion and rendered the cells less sensitive to HMOX1 inhibitor Zinc protoporphyrin (ZnPP) treatment [83]. The relevance of this metabolic re-routing was also investigated. It was found that the haem biosynthesis/degradation pathway acts as carbon escape-valve for the TCA cycle, thus allowing the cell to produce NADH in the first arm of glutamine oxidation. Of note, NADH generated by this linearized TCA cycle was utilised by respiratory chain to maintain mitochondrial potential and mitochondrial ATP generation by oxidative phosphorylation. Interestingly, HMOX1, a well-established target gene of NRF2, is activated in FH-deficient cells via succination of KEAP1 [78, 81]. Therefore, it is possible that the activation of NRF2 is required for HMOX1 expression, thus enabling this key metabolic adaptation. Overall, this study provided the first insight as to how FH-deficient cells adapt their cellular metabolism in order to survive the deleterious effects of a disrupted TCA cycle and maintain mitochondrial function. 

By using LC-MS-based metabolomics, additional metabolic adaptations of FH-deficient cells were identified. Besides an abundant accumulation of fumarate, it was shown that Fh1-deficient cells also accumulate and secrete argininosuccinate. This metabolite is a urea cycle intermediate synthesized from aspartate and citrulline by ASS1, and subsequently converted to fumarate and arginine by argininosuccinate lyase (ASL). 13C-glutamine and U-13C-arginine labelling experiments demonstrated that, in Fh1-deficient cells, argininosuccinate is produced by the reversed activity of ASL from arginine and fumarate rather than from citrulline and aspartate [84]. Thus, FH-deficient cells use exogenous arginine to buffer intracellular fumarate resulting in arginine auxotrophy. Consistent with this result, incubation with pegylated arginine deaminase, an enzyme that catalyses arginine degradation, lowered the intracellular levels of argininosuccinate and affected both cell survival and proliferation of FH-deficient cells [84]. It will be interesting to determine if other metabolic pathways regulate fumarate accumulation in a similar way or, indeed, if other metabolic pathways would be able to compensate for the loss of ASL activity. Genetic ablation of ASL would shed some light on these questions and potentially reveal further therapeutic targets that exploit this adaptive mechanism. Furthermore, analytical studies using LC-MS showed that fumarate accumulation caused by FH inactivation leads to the formation of succinicGSH, a covalent adduct between fumarate and glutathione (GSH) [85, 86]. The production of succinicGSH may reflect additional ways FH-deficient cells put in place to overcome fumarate accumulation. Of note, chronic exposure to succinated GSH also leads to persistent oxidative stress and cellular senescence [86]. These results suggest that FH-deficient cells have evolved adaptive mechanisms to maintain NADH generation within the mitochondria and to compensate for the persistent intracellular accumulation of fumarate, which would be otherwise toxic and would impair cell survival.  

While the studies presented here offer promising applications of the metabolic SL principle, other approaches have also been tested. For instance, an RNAi-based high-throughput screen for genes that are SL with FH, was recently performed [87]. In line with previous work [83], pathway enrichment analysis identified haem metabolism and in particular HMOX2, FECH, UGT1A3, UGT2A3 to be SL with FH [87]. Yet, the hits that returned the highest pathway enrichment were ADCY3, ADCY6, ADCY7 and ADCY9, four adenylate cyclase genes involved in cAMP generation. Adenylate cyclases catalyse the conversion of ATP to cAMP that serves as a regulatory signal via specific cAMP-binding proteins. The effect of adenylate cyclase inhibition on FH-deficient cells suggests that cAMP-mediated signalling pathways may play an important role in the survival of these cells. Interestingly, cAMP has previously been shown to induce HMOX1 expression [88]. Therefore, it is possible that increased cAMP may promote HMOX1 expression and help to support the removal of excess fumarate via the haem degradation pathway [89]. Hence, the SL associated with adenylate cyclase and cAMP addiction in FH-deficient cells may reveal itself through inhibition of the haem pathway. 

The observation that the haem pathway has been identified from independent studies using different models of FH loss of activity may reflect its robustness as a metabolic adaptation in FH-deficient cells and, consequently, as a promising therapeutic target. The mechanisms that lead to the activation of this pathway are still under investigation. HMOX1 is one of the most sensitive target genes of NRF2. Therefore, it is possible that fumarate-driven succination of KEAP1 and the subsequent activation of NRF2 are involved in the activation of HMOX1, thus opening the metabolic gate that controls haem degradation. As supported by different studies, the shunting of fumarate precursors into the haem biosynthesis pathway may enable unrestrained glutamine oxidation despite the truncation of the TCA cycle. The activation of these early specific metabolic adaptations is likely to be a prerequisite for surviving an otherwise lethal mutation and subsequently allowing the cell to initiate an oncogenic program and progress to transformation. Interestingly, one would expect SDH mutations to affect cellular metabolism in a similar manner. However, to this day, there are no reports that SDH mutant cells activate the haem pathway. Because protein succination does not take place in SDH mutants, and HMOX1 transcription does not appear to be activated, these cells are likely to be dependent on different detoxification pathways. This difference may also partly explain why SDH and FH mutations affect different tissues. While the kidney provides a permissive environment for the haem pathway to be activated upon FH mutation, SDH mutant cells are unable to do so and the SDH mutation may be thus lethal in this particular tissue. Conversely, because tissues affected by SDH mutations might not be permissive for FH mutants, FH-deficient cells would be unable to survive a different environment to that of the kidney because their metabolic flexibility is limited and does not allow them to activate alternative pathways. Of note, the involvement of different adaptive metabolic pathways between these two mutations might also reflect the different clinical outcome they generate.  

2.3.3. Isocitrate Dehydrogenases IDHs are localised in the cytosol (IDH1) or the mitochondria (IDH2 and 3) where they catalyse the oxidative decarboxylation of isocitrate into 2-OG. Less than a decade ago, a mutation in IDH1 was identified in human glioblastoma multiforme [90]. Subsequently, mutations in IDH1 and IDH2 were found in leukemic cells of acute myeloid leukemia (AML) patients [91, 92]. These findings were followed by the identification of IDH1/2 mutations in several other human tumours, including cartilaginous tumours, intrahepatic cholangiocarcinoma, and thyroid carcinomas [93, 94]. Mutations in IDH1 are often the first hit in the development of diffuse gliomas, suggesting that they play a key role in tumorigenesis [95-97]. Unlike the biallelic loss-of-function mutations in FH and SDH-deficient tumours, IDH mutations in cancer are heterozygous and affect a single amino acid residue, suggesting a gain-of-function as a possible mechanism of tumorigenesis. The most common cancer-related mutations associated with IDH map to single arginine residues in the catalytic pockets (R132 for IDH1 and R172 or R140 for IDH2) [90, 91, 94]. Recent work showed that mutant IDHs display a neomorphic activity and catalyse the reduction of 2-OG to D-2-hydroxyglutarate (2-HG) [98]. In a mechanism similar to that of FH and SDH loss of function, the subsequent accumulation of 2-HG contributes to tumorigenesis by a process involving epigenetic dysregulation via inhibition of 2-OG-dependent histone and DNA demethylases.

IDH mutations provide an excellent example of metabolic addiction that can be exploited for cancer therapy. Indeed, it was shown that inhibitors of mutant IDH lead to decrease intracellular 2-HG levels, reverse epigenetic dysregulation, and exhibit anticancer properties in both pre-clinical and clinical trials [31, 99]. Besides the targeting of mutant IDH, IDH-mutant cells exhibit other clinically-relevant metabolic liabilities. Indeed, since 2-HG is generated from glutamine-derived 2-OG [4], GLS inhibition has been proposed as potential strategy to reduce 2HG accumulation. Consistently, it was shown that BPTES, an established GLS inhibitor, specifically slowed the growth of IDH1-mutant T cells [100]. However, metabolic profiling revealed that BPTES did not decrease 2-HG levels in IDH1-mutant cells, suggesting that secondary effects of glutamine deprivation, such as depletion of TCA cycle metabolites, could affect proliferation of these cells. In fact, glutamine depletion will eventually slow the growth of any cell that requires glutamine as an essential nutrient, including healthy cells. 

A recent study used an alternative SL approach to target IDH mutant cells based on the concept of non-oncogene addiction. A large-scale RNAi screen revealed that the anti-apoptotic gene B-cell lymphoma 2 (BCL-2) is SL with IDHmut in AML cells [101]. Interestingly, exposure to increasing concentrations of a cell-permeable precursor of 2-HG, up to concentrations previously shown to inhibit intracellular 2-OG-dependent dioxygenases and block differentiation [102, 103], sensitized the AML cells to BCL-2 knockdown in a dose-dependent manner, confirming the dependency on BCL-2 of cells with elevated levels of 2-HG. Consistently, IDH1mut cells were more sensitive than wild-type counterpart to the BCL-2 inhibitor ABT-199 [104], and the SL phenotype was rescued by treating cells with AGI-5198, a potent selective IDH1mut inhibitor. Mechanistically, the authors proposed that BCL-2 prevents apoptosis elicited by the 2HG-dependent inhibition of cytochrome oxidase, revealing a previously unanticipated effect of this metabolite in mitochondrial function. 

2.3.4. Respiratory chain defects and synthetic lethality Besides these clear genetic alterations in TCA cycle enzymes, various types of cancers display defects in the respiratory chain  [7]. Therefore, SL strategies based on the metabolic reprogramming triggered by these defects have been proposed. For instance, it was found that cancer cells that exhibit defects in the respiratory chain are sensitive to glucose deprivation, which normally would lead to activation of respiration. Accordingly, it was shown that inhibiting the respiratory chain using the biguanide metformin, sensitizes these cells to glucose deprivation and prevents their growth in subcutaneous tumours [105]. The concept of exploiting mitochondria-based SL interactions to target cancer was strengthened by the recent observation that, through its ETC complex I inhibition activity, the anti-diabetic drug metformin acts as an anticancer agent but also improves the survival rate of patients that have already developed cancer [106-109]. Metformin, on its own or in combination with 2-deoxyglucose, a specific glycolysis inhibitor, has shown promising results in impairing the growth of tumour cells [110-114]. 

3. Conclusions and future perspectives
Cellular homeostasis is maintained by a complex network of interconnected and dynamic metabolic pathways. Within their complex cell reprogramming, oncogenes hijack specific metabolic pathways to support cancer growth leading to metabolic addiction. Because these events are specific to cancer cells, they provide an attractive approach to specifically target tumour cells while leaving healthy cells unaffected (Fig. 2). In this context, mitochondrial metabolism has emerged as a valid key target for cancer therapy and several recent studies are currently assessing the potential of mitochondria-linked SL as a major player in the arsenal against cancer. There are few caveats that could limit the translational potential of this potentially powerful anticancer strategy. First, just as inhibiting canonical oncogenic signalling cascades is bypassed by resistance mechanisms, it is likely that inhibiting metabolic pathways will lead to the activation of further metabolic rewiring. Decoding the map of metabolic pathways that initiate and support neoplastic transformations is therefore crucial to identify genuine SL interactions that might not be evaded by alternative adaptations. Another level of complexity that could undermine this effort is the metabolic heterogeneity of cancer cells. Indeed, it is possible that within a solid tumour, cancer cells affected by similar genetic and metabolic aberrations exhibit phenotypes that depend on the metabolic niche in which it resides. Understanding how cancer cell metabolism is affected by nutrients availablity in the tumour microenvironment will be a crucial step for the field. Even if the task of elucidating these cancer-specific metabolic pathways is still a challenge, it will enable us to understand how cancer cells survive metabolic insults.The activation of metabolic adaptations in the early phases of tumorigenesis is likely to be a prerequisite for the cell to survive an otherwise lethal mutation (Fig. 2). This idea has important implications. In fact, the manipulation of early metabolic adaptations by either pharmacological or dietary intervention may potentially lead to tumour prevention by rendering the initial mutation lethal. This hypothesis has not been formally investigated and it would be important to validate it in appropriate in vivo models. Such an approach may be achieved through the development of personalized treatments assisted by individual modelling of genomic and metabolic profiles in order to identify patient- and tissue-specific metabolic vulnerabilities that can be modulated through dietary intervention to efficiently target the tumours or even prevent their emergence. 
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Figure legends

Fig. 1: Metabolic rewiring and synthetic lethality in SDH, FH, and IDH mutant cancers. 
[bookmark: _GoBack]The main metabolic and signalling pathways involved in the metabolic reprogramming of FH, SDH, and IDH mutant cells are indicated. Mutation-specific pathways are colour coded: FH = grey rectangles, SDH = orange rectangles; mutant IDH = green rectangles. SL enzymes are indicated in bold. Drugs that affect these specific pathways/targets are indicated in red. Solid black arrows indicate single step metabolic reactions; dashed black lines indicate multi-step metabolic reactions; blue arrows indicate indirect transcriptional cascades. Abbreviations: AcCoA (Acetyl-CoA); ACO (aconitase); ADCY (adenylate cyclase); ADIPEG (pegylated arginine deiminase); ASL (argininosuccinate lyase); ASS1 (argininosuccinate synthetase); ATP (adenosine triphosphate); BAX (BCL-2 associated X protein ); BCL-2 (B-cell lymphoma 2), , BPTES (N,Nʹ-(5,5ʹ-(2,2ʹ-Thiobis(ethane-2,1-diyl))bis(1,3,4-thiadiazole-5,2-diyl))bis(2-phenylacetamide); cAMP (cyclic adenosine monophosphate); CS (citrate synthase); CytoC (cytochrome c); CI to V (complex I to V of the respiratory chain); FH (fumarate hydratase); GLS (glutaminase); GSH (glutathione); HMOX (haem oxygenase); IDH (isocitrate dehydrogenase); IDHmut  (mutant IDH); KEAP1 (Kelch-like ECH-associated protein 1); MDH (malate dehydrogenase); NRF2 (nuclear factor erythroid 2-related factor); 2-OG (2-oxoglutarate); OGDH (oxoglutarate dehydrogenase); PC (pyruvate carboxylase); PHD (pyruvate dehydrogenase); SCS (succinyl-CoA synthetase); SDH (succinate dehydrogenase), succGSH (succinic glutathione) .

Fig. 2: Metabolic synthetic lethality in cancer therapy. The figure represents the role of early metabolic adaptations in tumorigenesis. Oncogenic mutations induce novel metabolic essentialities in a transformed cancer cells. Targeting these cancer specific metabolic changes will selectively kill cancer cells, sparing the normal cells. 
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