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Cellular toxicity of the metabolic inhibitor 2-deoxyglucose and associated resistance mechanisms

Abstract.

Most malignant cells display increased glucose absorption and metabolism compared to surrounding tissues. This well-described phenomenon results from a metabolic reprogramming occurring during transformation, that provides the building blocks and supports the high energetic cost of proliferation by increasing glycolysis. These features led to the idea that drugs targeting glycolysis might prove efficient in the context of cancer treatment. One of these drugs, 2-deoxyglucose (2-DG), is a synthetic glucose analog that can be imported into cells and interfere with glycolysis and ATP generation. Its preferential targeting to sites of cell proliferation is supported by the observation that a derived molecule, 2-fluoro-2deoxyglucose (FDG) accumulates in tumors and is used for cancer imaging. Here, we review the toxicity mechanisms of this drug, from the early-described effects on glycolysis to its other cellular consequences, including inhibition of protein glycosylation and endoplasmic reticulum stress, and its interference with signaling pathways. Then, we summarize the current data on the use of 2-DG as an anti-cancer agent, especially in the context of combination therapies, as novel 2-DG-derived drugs are being developed. We also show how the use of 2-DG helped to decipher glucose-signaling pathways in yeast and favored their engineering for biotechnologies. Finally, we discuss the resistance strategies to this inhibitor that have been identified in the course of these studies and which may have important implications regarding a medical use of this drug.

A short history of the use of 2-deoxyglucose

Oncogene activation, tumor suppressor loss, and other stresses are believed to shift cancer cells towards an increased glycolytic metabolism, with a decreased contribution of respiration and oxidative phosphorylation [START_REF] Deberardinis | Fundamentals of cancer metabolism[END_REF]. These metabolic features may allow the development of anticancer treatment and glycolytic inhibitors have been, and are still, investigated for this purpose [START_REF] Pelicano | Glycolysis inhibition for anticancer treatment[END_REF]. One of the most widely studied glycolytic inhibitors is 2-deoxyglucose (2-DG), a synthetic glucose analog in which the hydroxyl group at the second carbon atom is replaced by hydrogen (Figure 1).

This drug has been studied for almost 70 years, and in this review, we will detail how it has contributed to many aspects of biomedical research, being used as a surrogate for glucose in uptake assays, as an enzyme inhibitor, a metabolic blocker and ATP-depleting agent, and much more. We will see that 2-DG has contributed to a better understanding of metabolism in a variety of organisms, and we will particularly emphasize its importance in the delineation of glucose-signaling pathways in yeast and fungi and its use in strain improvement for biotechnologies. However, contrasting with its simple structure, we will see that 2-DG has many effects in the cell that go beyond a simple block of glycolysis. This is because 2-DG displays some structural similarities with mannose (Figure 1), and as such, also competes with its metabolism and affects the corresponding cellular processes such as protein and lipid glycosylation.

We will summarize the potential of 2-DG as an anti-cancer agent as concluded from past and recent studies, as well as the use of other 2-deoxy derivatives of glucose, such as 2-fluoro-2-deoxyfluoroglucose (FDG, Figure 1) which is used for cancer imaging and diagnosis. Excellent reviews on the toxicity of 2-DG in the context of mammalian cell homeostasis and cancer were previously published [START_REF] Kurtoglu | Differential Toxic Mechanisms of 2-Deoxy-D-Glucose versus 2-Fluorodeoxy-D -Glucose in Hypoxic and Normoxic Tumor Cells[END_REF][START_REF] Xi | The wonders of 2-deoxy-D-glucose[END_REF].

Finally, we will discuss the various resistance mechanisms that have been described in the literature over the years, highlight what these tell us about the cellular toxicity of 2-DG, with important implications to its potential use as an anticancer agent.

2-DG as a tool to interfere with glucose metabolism and cell proliferation

Because of the structural similarities between 2-DG and glucose (Figure 1), it was expected that 2-DG would act as a competitive inhibitor of glucose metabolism and thus might strongly affect the growth of cells heavily dependent on glucose, such as cancer cells running aerobic glycolysis. As such, it was one of the first compounds and probably the most widely studied for its interference with tumor metabolism.

As early as 1952, Woodward and Cramer reported an effect of 2-DG on the proliferation of rat Walker 256 mammary carcinoma cells [START_REF] Woodward | 2-Desoxyl-D-glucose as an inhibitor of anaerobic glycolysis in tumor tissue[END_REF]. An inhibitory effect on the growth of embryonic chicken heart fibroblasts was also noted [START_REF] Ely | The influence of 2-Desoxy-D-glucose on the growth of embryonic chicken-heart fibroblasts in tissue culture[END_REF]. In parallel, the effect of 2-DG on yeast growth, metabolism [START_REF] Woodward | 2-desoxy-d-glucose as an inhibitor in the aerobic glucose metabolism of yeast[END_REF], and glucose fermentation [START_REF] Cramer | 2-Desoxy-D-glucose as an antagonist of glucose in yeast fermentation[END_REF] were also investigated, leading to the conclusion that 2-DG competes with glucose for its metabolism. Other carbohydrate analogs were tested for their effect on fermentation [START_REF] Woodward | Carbohydrate analogs as antagonists of glucose in carbohydrate metabolism of yeast[END_REF] but only those with a substitution at their C2 position inhibited anaerobic fermentation, with 2-deoxyglucose being the most potent. Further work confirmed the competitive nature of 2-DG over glucose utilization, both in normal tissues and tumors [START_REF] Woodward | The effect of 2-desoxy-D-glucose on glycolysis and respiration of tumor and normal tissues[END_REF] and Krebs ascites carcinoma cells [START_REF] Ely | 2-deoxy-d-glucose as an inhibitor of cancerous growth in animals[END_REF]. The fact that 2-DG blocks glucose absorption in response to insulin in extrahepatic tissues without evidence of subsequent metabolism, and the competing nature of its effect over glucose further contributed to establishing 2-DG as a blocker of glucose metabolism [START_REF] Wick | 2-Deoxyglucose--A Metabolic Block for Glucose[END_REF]. This was confirmed by observations made in animals, in which the administration of 2-DG led to an increased blood glucose concentration, suggesting competition with endogenous glucose distribution and metabolism [START_REF] Landau | Animal Responses to 2-Deoxy-D-Glucose Administration[END_REF]. These studies were soon translated to cancer patients, as early as 1958, with similar observations [START_REF] Landau | Certain metabolic and pharmacologic effects in cancer patients given infusions of 2-deoxy-D-glucose[END_REF]. An inhibitory effect of 2-DG on tumor growth was noted in vitro [START_REF] Laszlo | The Effect of Glucose Analogues on the Metabolism of Human Leukemic Cells[END_REF] and in a transplantable tumor in mice [START_REF] Laszlo | Effects of glucose analogues (2-deoxy-D-glucose, 2-deoxy-D-galactose) on experimental tumors[END_REF]. This has generated a lot of interest regarding the possible use of this molecule as an anti-tumor agent.

Use of 2-DG to decipher how glucose regulates gene expression in yeast

The yeast Saccharomyces cerevisiae, also named budding yeast or baker's yeast, has been exploited for thousands of years by humans for their ability to ferment beverages and their action on the leavening of dough. Nowadays, it is also an important tool for the generation of biofuels using byproducts from various industries. Budding yeast and several other yeast species have a peculiar metabolism that favors the use of glucose (or fructose) over alternate carbon sources, likely resulting from their evolution in plant-based ecological niches [reviewed in 17]. Even in the presence of oxygen, yeasts mostly get their energy from glycolysis with only a limited contribution of respiration (Crabtree effect). This is because glucose represses the expression of genes involved in respiration and oxidative phosphorylation at the transcriptional level [for review, see 18]. As described for cancer cells, the strategy of glycolysis-based proliferation relies on a fast glucose uptake from the medium, and this could provide yeast a competitive advantage relative to other species that consume glucose less aggressively.

The generated by-product of glycolysis, pyruvate, is then converted to ethanol by fermentation.

This apparent waste of energy, since more ATP would be generated per molecule of glucose if it were to be respired rather than being fermented, is believed to provide several ecological advantages [START_REF] Jouhten | Saccharomyces cerevisiae metabolism in ecological context[END_REF]. First, it is not a waste of energy, but merely a temporal separation of glycolysis from respiration, since once glucose is exhausted from the medium, genes involved in respiration are expressed and cells can then start using ethanol for growth (diauxic shift). Ethanol degradation begins with the oxidation of ethanol to acetaldehyde (by an alcohol dehydrogenase), which is then converted into acetate (by an aldehyde dehydrogenase) and then acetyl-CoA (by acetyl-CoA synthetase) to feed the Krebs cycle [START_REF] Jouhten | Saccharomyces cerevisiae metabolism in ecological context[END_REF]. Second, the ability to convert the energy contained in pyruvate into a chemical (ethanol) that is poorly metabolized by other species provides an opportunity to restrict access to these stores. Finally, ethanol accumulation prevents the thriving of other organisms that are sensitive to this compound, thus limiting competition in the wild.

A better understanding of how glucose regulates gene expression in yeast was driven both by a need to understand the mechanism of gene regulation at a fundamental level [START_REF] Zimmermann | Mutants of Saccharomyces cerevisiae resistant to carbon catabolite repression[END_REF], but also because of the need to ameliorate carbon source usage of various yeasts (eg. starch, xylose) [START_REF] Dhawale | Starch hydrolysis by derepressed mutants of Schwanniomyces castellii[END_REF][START_REF] Mccann | Starch utilization by yeasts: mutants resistant of carbon catabolite repression[END_REF][START_REF] Sreenath | 2-Deoxyglucose as a Selective Agent for Derepressed Mutants of Pichia stipitis[END_REF], for industrial needs such as brewing [START_REF] D'amore | IMPROVING YEAST FERMENTATION PERFORMANCE[END_REF][START_REF] Jones | The Use of Catabolite Derepression as a Means of Improving the Fermentation Rate of Brewing Yeast Strains[END_REF] or dough leavening [START_REF] Rincón | Improved Properties of Baker's Yeast Mutants Resistant to 2-Deoxy-d-Glucose[END_REF], or to ameliorate the expression of enzymes of industrial interest that are sometimes glucose-repressed [START_REF] Van Uden | Selective isolation of depressed mutants of an α-amylase yeast by the use of 2-deoxyglucose: COMMUNICATIONS TO THE EDITOR[END_REF][START_REF] Büttner | Isolation and characterization of mutants of Trichosporon adeninovorans resistant to 2-deoxy-D-glucose[END_REF].

2-DG has been used as a tool to identify genes involved in the glucose repression pathway because 2-DG activates this pathway and thus prevents the use of alternative carbon sources [START_REF] Hedbacker | Regulation of the nucleocytoplasmic distribution of Snf1-Gal83 protein kinase[END_REF][START_REF] Randez-Gil | The expression of a specific 2-deoxyglucose-6P phosphatase prevents catabolite repression mediated by 2-deoxyglucose in yeast[END_REF][START_REF] Witt | Repression by glucose of alcohol dehydrogenase, malate dehydrogenase, isocitrate lyase and malate synthase in yeast[END_REF]. The characterization of mutants able to use raffinose or sucrose as a carbon source despite the presence of 2-DG, which would normally prevent their utilization, led to the identification of several actors involved in glucose repression [START_REF] Zimmermann | Mutants of Saccharomyces cerevisiae resistant to carbon catabolite repression[END_REF][START_REF] Entian | Saccharomyces cerevisiae mutants provide evidence of hexokinase PII as a bifunctional enzyme with catalytic and regulatory domains for triggering carbon catabolite repression[END_REF][START_REF] Neigeborn | Mutations causing constitutive invertase synthesis in yeast: genetic interactions with snf mutations[END_REF] that will be described later in this review. In addition to revealing critical actors of the glucose-repression pathway, these experiments and others pointed out to the importance of the yeast hexokinase in mediating 2-DG toxicity [START_REF] Heredia | Metabolic Studies with 2-Deoxyhexoses. II. Resistance to 2-Deoxyglucose in a Yeast Mutant[END_REF] (see also part 5. on the mechanisms of resistance). depending on the metabolic state of tumor cells and their accessibility to oxygen [START_REF] Kurtoglu | Under normoxia, 2-deoxy-D-glucose elicits cell death in select tumor types not by inhibition of glycolysis but by interfering with N-linked glycosylation[END_REF], as detailed later in this review. This has important consequences in tumor biology since tumors are heterogenous populations made of oxygenated, proliferating cells as well as hypoxic, slow-growing cells, the latter being more difficult to target by conventional therapies. Similarly, in yeast, 2-DG seems to have differential effects depending on whether cells are growing in the presence of abundant or limiting amounts of glucose (or alternative carbon sources) [START_REF] Mccartney | Genetic analysis of resistance and sensitivity to 2-deoxyglucose in Saccharomyces cerevisiae[END_REF]. The effects of 2-DG on early steps of glucose metabolism are presented in Figure 2, and an overview of the cellular consequences of these inhibitions is depicted in Figure 3. Individual aspects of these inhibitions will be discussed in the following sections.

Direct metabolic effects of 2-DG and consequences

Phosphorylation of 2-DG and its impact on glycolysis and the pentose phosphate pathway, and the generation of ATP

Like glucose, 2-DG uses hexose transporters to be transported across the cell membrane. In yeast, glucose competed with 2-DG for import, suggesting they use similar transport systems [START_REF] Van Steveninck | Transport and transport-associated phosphorylation of 2-deoxy-dglucose in yeast[END_REF]. In mammalian cells, both sugars also compete for their uptake and their import responds to insulin, suggesting that they use the same transport systems [START_REF] Landau | Animal Responses to 2-Deoxy-D-Glucose Administration[END_REF]. The properties of 2-DG uptake, as determined in intestinal epithelial cells or Caco-2 cells, indicate transport by glucose transporters of the GLUT/SLC2 family [START_REF] Bissonnette | 2-Deoxyglucose transport and metabolism in Caco-2 cells[END_REF][START_REF] Cura | Role of monosaccharide transport proteins in carbohydrate assimilation, distribution, metabolism, and homeostasis[END_REF][START_REF] Kimmich | 2-Deoxyglucose transport by intestinal epithelial cells isolated from the chick[END_REF] and 2-DG transport correlate with GLUT expression in various cell lines [START_REF] Waki | The importance of glucose transport activity as the rate-limiting step of 2deoxyglucose uptake in tumor cells in vitro[END_REF]. For this reason and the fact that it shows very limited metabolism (see below), radio-labeled 2-DG is often used as a surrogate substrate in glucose uptake assays.

Both glucose and 2-DG accumulate intracellularly by a concentrative uptake system depending on their phosphorylation [START_REF] Meredith | Uptake and phosphorylation of 2-deoxy-D-glucose by wild type and respiration-deficient baker's yeast[END_REF]. After incubation of muscle cells from rat diaphragm with 2-DG, there was no evidence for free 2-DG accumulating inside the cells, suggesting that the 2-DG phosphorylation rate is higher than that of its transport [START_REF] Bissonnette | 2-Deoxyglucose transport and metabolism in Caco-2 cells[END_REF][START_REF] Kipnis | Studies of tissue permeability. V. The penetration and phosphorylation of 2-deoxyglucose in the rat diaphragm[END_REF]. Free 2-DG was not detected in adipocytes shortly after treatment, but became detectable after 1h, probably due to the depletion of ATP caused by 2-DG phosphorylation (see next paragraph) which limits the hexokinase reaction [START_REF] Chandramouli | Metabolic effects of 2-deoxy-D-glucose in isolated fat cells[END_REF]. In this case, 2-DG reached an intracellular concentration similar to the concentration of the medium, in agreement with the hypothesis of a transport by passive diffusion which should lead to an equal concentration on both sides of the membrane at the equilibrium.

Effect of 2-DG on glycolysis. 2-deoxyglucose can be phosphorylated by yeast, muscle, and brain hexokinase [START_REF] Cramer | 2-Desoxy-D-glucose as an antagonist of glucose in yeast fermentation[END_REF][START_REF] Sols | Substrate specificity of brain hexokinase[END_REF][START_REF] Wick | Localization of the primary metabolic block produced by 2-deoxyglucose[END_REF][START_REF] Woodward | Phosphorylation of 2-deoxy-D-glucose by yeast hexokinase: Competition between 2-deoxy-d-glucose and glucose[END_REF] into 2-deoxyglucose-6-phosphate (2-DG-6-P) (Figure 2). This species is the main 2-DG-derived species accumulating in yeast cells [START_REF] Kuo | Inhibition by 2-deoxy-D-glucose of synthesis of glycoprotein enzymes by protoplasts of Saccharomyces: relation to inhibition of sugar uptake and metabolism[END_REF], and similarly, in adipocytes, 2-DG-6-P accounts for most if not all of the 2-DG-derived species shortly after import [START_REF] Chandramouli | Metabolic effects of 2-deoxy-D-glucose in isolated fat cells[END_REF]. There is no evidence for further metabolism of 2-DG-6-P in glycolysis (Figure 2), as it is neither a substrate of phosphoglucose isomerase (which would require a hydroxyl group in position C2 of glucose) nor of glucose-6-phosphate dehydrogenase [START_REF] Kipnis | Studies of tissue permeability. V. The penetration and phosphorylation of 2-deoxyglucose in the rat diaphragm[END_REF][START_REF] Sols | Substrate specificity of brain hexokinase[END_REF] although the existence of small amounts of 2-DG-1-phosphate and 2-DG-1,6bisphosphate species was reported in yeast [START_REF] Biely | Metabolism of 2-deoxy-D-glucose by baker's yeast. I. Isolation and identification of phosphorylated esters of 2-deoxy-D-glucose, Collect. Czechoslov[END_REF] and rat brain [START_REF] Dienel | Synthesis of deoxyglucose-1-phosphate, deoxyglucose-1,6bisphosphate, and other metabolites of 2-deoxy-D-[14C]glucose in rat brain in vivo: influence of time and tissue glucose level[END_REF], suggesting that 2-DG-6-P may be a substrate of phosphoglucomutase. Therefore, 2-DG phosphorylation consumes ATP to generate 2-DG-6-P but cannot continue to the energy payoff phase of glycolysis.

Moreover, 2-DG prevents the phosphorylation of other available sugars such as glucose [START_REF] Tower | THE EFFECTS OF 2-DEOXY-d-GLUCOSE ON METABOLISM OF SLICES OF CEREBRAL CORTEX INCUBATED IN VITRO[END_REF]. Early work in rat tumors suggested that 2-DG treatment blocks glycolysis at the hexokinase step, supported by the fact that 2-DG inhibits glycolysis more than fructolysis (given that hexokinase activity in the brain and in yeast has a better affinity towards glucose than towards fructose) [START_REF] Woodward | The effect of 2-desoxy-D-glucose on glycolysis and respiration of tumor and normal tissues[END_REF]. This was further confirmed by studies showing that 2-DG acts as a non-competitive inhibitor of hexokinase [START_REF] Chen | The inhibition of bovine heart hexokinase by 2-deoxy-D-glucose-6phosphate: characterization by 31P NMR and metabolic implications[END_REF] and as a competitive inhibitor of phosphoglucose isomerase [START_REF] Wick | Localization of the primary metabolic block produced by 2-deoxyglucose[END_REF] (Figure 2). These data are in agreement with a more recent study showing that fructose-6-phosphate was almost not detected in a 2-DG-treated cell line, accompanied by a sharp decrease in all downstream glycolytic intermediates [START_REF] Urakami | Impact of 2-deoxy-D-glucose on the target metabolome profile of a human endometrial cancer cell line[END_REF]. Moreover, its lack of metabolism leads to the accumulation of 2-DG-6-P in cells, and initial measurements proposed that the amount of 2-DG-6-P reaches up to 80-fold that of glucose-6-phosphate [START_REF] Kuo | Inhibition by 2-deoxy-D-glucose of synthesis of glycoprotein enzymes by protoplasts of Saccharomyces: relation to inhibition of sugar uptake and metabolism[END_REF], likely bolstering its inhibitory effect on glycolysis. Note that 2-DG phosphorylation was also reported to induce a depletion in the free phosphate pool [START_REF] Van Steveninck | Transport and transport-associated phosphorylation of 2-deoxy-dglucose in yeast[END_REF], further impairing ADP-rephosphorylation and ATP-dependent processes [START_REF] Pietzke | Decoding the dynamics of cellular metabolism and the action of 3-bromopyruvate and 2-deoxyglucose using pulsed stable isotope-resolved metabolomics[END_REF][START_REF] Yushok | Control mechanisms of adenine nucleotide metabolism of ascites tumor cells[END_REF] All of these features have led to the widespread use of 2-DG to simulate nutrient or energy (ATP) depletion in cell culture, as well as its use as an ATP "trap" in vitro (in combination with hexokinase) [START_REF] Van Eys | An acceptor effect in glycolysis[END_REF].

This was also observed in the context of tumors [START_REF] Karczmar | Selective depletion of tumor ATP by 2-deoxyglucose and insulin, detected by 31P magnetic resonance spectroscopy[END_REF]. However, the next sections will show that ATP depletion is only one of the cellular effects of 2-DG. The addition of pyruvate in the medium was shown to attenuate the 2-DG-induced decrease in cellular ATP and was used to discriminate between the effects of 2G on cellular energetics vs. other effects [START_REF] Kavaliauskiene | Novel actions of 2-deoxy-D-glucose: protection against Shiga toxins and changes in cellular lipids[END_REF][START_REF] Uchida | Glycolysis vs. respiration as ATP source for the shape of quiescent cardiomyocytes[END_REF]. This result further demonstrates that mitochondria are functioning and are not necessarily defective in tumor cells.

Interactions of 2-DG with the pentose phosphate pathway (PPP).

Evidence supports the idea that 2-DG can partially enter the PPP by which 2-DG-6-P is converted to 6-phospho-2-deoxygluconate by glucose-6-phosphate dehydrogenase, thus providing an important source of NADPH [START_REF] Jeon | AMPK regulates NADPH homeostasis to promote tumour cell survival during energy stress[END_REF][START_REF] Schmidt | Nucleoside-diphosphate derivatives of 2deoxy-D-glucose in animal cells[END_REF] (Figure 2) which is a source of reducing equivalents for the glutathione system [START_REF] Suzuki | 2-deoxyglucose as a substrate for glutathione regeneration in human and ruminant red blood cells[END_REF]. In this respect, 2-DG treatment was shown to rescue cells from glucose starvation-induced cell death by restoring tolerable levels of reactive oxygen species [START_REF] Jeon | AMPK regulates NADPH homeostasis to promote tumour cell survival during energy stress[END_REF]. However, because 2-DG-6-P also inhibits glucose-6-phosphate dehydrogenase itself, this may only occur under a certain 2-DG-6-P concentration [START_REF] Barban | The effects of 2-deoxyglucose on the growth and metabolism of cultured human cells[END_REF]. The 6-phospho-2-deoxygluconate generated can probably not be further metabolized in this pathway as it is a poor substrate of 6-phosphogluconate dehydrogenase [START_REF] Rippa | A multiple role for the coenzyme in the mechanism of action of 6-phosphogluconate dehydrogenase. The oxidative decarbosylation of 2-deoxy-6-phosphogluconate[END_REF].

Extrapolating on the inhibition of glycolytic enzymes by 2-DG-6-P, one could expect that 2-DG interferes with the PPP. Inhibition of glycolysis after the hexokinase step can lead to an increased flux of glucose-6-phosphate into the pentose phosphate pathway (PPP). Indeed, it was reported in both yeast or fibroblasts that 2-DG treatment led to the accumulation of erythrose-4-phosphate, an intermediate of the nonoxidative branch of the PPP [START_REF] Ralser | A catabolic block does not sufficiently explain how 2-deoxy-D-glucose inhibits cell growth[END_REF] which is also a competitive inhibitor of phosphoglucose isomerase [START_REF] Atkinson | Interactions between Regulatory Parameters[END_REF]. A metabolomics study examining the effects of 2-DG on primary metabolism in a human endometrial carcinoma cell line revealed that 2-DG indeed led to an increased concentration of PPP metabolites [START_REF] Urakami | Impact of 2-deoxy-D-glucose on the target metabolome profile of a human endometrial cancer cell line[END_REF] (Figure 3). Importantly, in the course of this study, the authors identified 20 peaks that were specific of 2-DG-treated cells and differed from untreated cell metabolites by the mass of an oxygen atom, suggesting that many other 2-DG-derived metabolites remain to be characterized.

UDP-2-DG and the interference of 2-DG with structural and storage carbohydrates as well as glycosphingolipids

Initial observations reported that the inhibitory effect of 2-DG on yeast growth was much higher than its effect on glycolysis and fermentation [START_REF] Woodward | Carbohydrate analogs as antagonists of glucose in carbohydrate metabolism of yeast[END_REF], suggesting an additional growth inhibitory mechanism which still required phosphorylation of 2-DG [START_REF] Heredia | Metabolic Studies with 2-Deoxyhexoses. I. Mechanisms of Inhibition of Growth and Fermentation in Baker's Yeast[END_REF] (Figure 3). Interestingly, this did not occur in a medium devoid of an additional carbon source, and stationary phase cells were less affected than exponentially growing cells suggesting a structural defect occurring during cell division [START_REF] Mccartney | Genetic analysis of resistance and sensitivity to 2-deoxyglucose in Saccharomyces cerevisiae[END_REF][START_REF] Heredia | Metabolic Studies with 2-Deoxyhexoses. I. Mechanisms of Inhibition of Growth and Fermentation in Baker's Yeast[END_REF].

The cell wall of yeasts and other fungal cells are composed of carbohydrate-containing layers providing rigidity and resistance towards many stresses [START_REF] Lipke | Cell wall architecture in yeast: new structure and new challenges[END_REF]. Exposure of growing fission yeast Schizosaccharomyces pombe to 2-DG led to more fragile cell walls, leading to their lysis at their zones of growth [START_REF] Megnet | Effect of 2-deoxyglucose on Schizosaccharomyces pombe[END_REF], and this was also observed in two species of budding yeasts [START_REF] Johnson | Lysis of yeast cell walls induced by 2-deoxyglucose at their sites of glucan synthesis[END_REF]. In all three species, lysis happened in the main regions of β-glucan synthesis, suggesting interference of 2-DG with this process. In the pathogenic yeast Candida albicans, 2-DG was found to incorporate into β-glucan polymers of the cell wall and alters their stability [START_REF] Gale | The Action of 2-Deoxy-D-glucose on the Incorporation of Glucose into (1->3)-β-Glucan in Stationary Phase Cultures of Candida albicans[END_REF]. Accordingly, a yeast-specific MAP kinase-based signaling pathway that responds to cell wall damage is activated in response to 2-DG treatment, suggesting that 2-DG triggers perceivable damage to the cell wall structure [START_REF] Defenouillėre | The induction of HAD-like phosphatases by multiple signaling pathways confers resistance to the metabolic inhibitor 2-deoxyglucose[END_REF]. Proof of the existence of UDP-2-DG [START_REF] Biely | The formation of uridine diphosphate-2-deoxy-D-glucose in yeast[END_REF] and GDP-2-DG in 2-DG-treated yeast were later provided, suggesting interference with cell wall synthesis either through trapping of cellular uridine-or guanosine-nucleotide pools or by competitive inhibition with endogenous precursors [START_REF] Biely | Metabolism of 2-deoxy-D-glucose by baker's yeast. I. Isolation and identification of phosphorylated esters of 2-deoxy-D-glucose, Collect. Czechoslov[END_REF][START_REF] Biely | The formation of guanosine diphosphate-2-deoxy-D-glucose in yeast[END_REF]. Incorporation of 2-DG in storage carbohydrates, such as glycogen (both in vitro and in vivo) [START_REF] Biely | Incorporation of 2-deoxy-D-glucose into glycogen[END_REF][START_REF] Zemek | Transglycosylic reactions of nucleotides of 2deoxy-sugars. II. 2-Deoxyglucose incorporation into glycogen[END_REF] or trehalose were also reported [START_REF] Meredith | Uptake and phosphorylation of 2-deoxy-D-glucose by wild type and respiration-deficient baker's yeast[END_REF][START_REF] Herve | Non-cooperative effects of glucose and 2deoxyglucose on their metabolism in Saccharomyces cerevisiae studied by 1H-NMR and 13C-NMR spectroscopy[END_REF]. UDP-2-DG was found to be a substrate for purified yeast, calf liver, and mung bean UDP-glucose 4-epimerase, raising the possibility that UDP-2deoxygalactose could be generated in vivo [START_REF] Druzhinina | Uridine diphosphate 2-deoxyglucose[END_REF]. UDP-2-DG and GDP-2-DG were also detected in chick embryo fibroblasts incubated with 2-DG [START_REF] Schmidt | Nucleoside-diphosphate derivatives of 2deoxy-D-glucose in animal cells[END_REF]. This suggests that 2-DG might alter other biosynthetic pathways in animals involving UDP-Glc and GDP-Glc, such as protein glycosylation (see next section) but also glycogen metabolism [START_REF] Colwell | Incorporation of 2-deoxy-d-glucose into glycogen. Implications for measurement of tissue-specific glucose uptake and utilisation[END_REF] (Figure 3).

Another such pathway is the biosynthesis of glycosylated lipids. Early studies in yeast [START_REF] Steiner | Studies on the diversity of inositol-containing yeast phospholipids: incorporation of 2-deoxyglucose into lipid[END_REF] and hamster embryo fibroblasts [START_REF] Steiner | Incorporation of 2-deoxy-d-glucose into glycolipids of normal and SV40-transformed hamster cells[END_REF] revealed that 2-DG can incorporate into glycolipids. The addition of glucose to a ceramide molecule is catalyzed by a Golgi-associated cytosolic enzyme named glucosylceramide synthase, which also uses UDP-glucose as a glucose donor. Glucosylceramide can be used as a precursor for further glycosylation events, leading to a variety of glycosphingolipids [for review, see 81]. Indeed, 2-DG incorporates into the carbohydrate moiety of newly synthesized glycosphingolipids [START_REF] Kavaliauskiene | Novel actions of 2-deoxy-D-glucose: protection against Shiga toxins and changes in cellular lipids[END_REF][START_REF] Steiner | Incorporation of [14C]-2 deoxy-D-glucose into the lipids of normal cells as compared to virus-transformed cells[END_REF] (Figure 3), but it is not yet clear whether the 2-DG-modified versions of these lipids have the same properties as the endogenous ones. Yet, these lipids participate in many cellular pathways, from cell proliferation, senescence and apoptosis to cell migration, endocytosis, intracellular trafficking, autophagy, and even inflammation [START_REF] Hannun | Sphingolipids and their metabolism in physiology and disease[END_REF] so altering their biosynthesis should lead to a series of consequences which, up to now, have been poorly documented.

Similarly, data is scarce on the effect of 2-DG on inositol metabolism. Glucose-6-phosphate is used as a precursor for inositol synthesis by inositol-3-phosphate synthase, but an in vitro study using a plant enzyme reported that 2DG-6-P actually inhibits this activity [START_REF] Loewus | myo -Inositol 1-Phosphate Synthase Inhibition and Control of Uridine Diphosphate-d-glucuronic Acid Biosynthesis in Plants[END_REF], suggesting that it may not incorporate into this pathway but rather be inhibitory to inositol synthesis. This could explain another observation made in mice indicating that 2-DG reduces inositol content in liver and testis [START_REF] Burton | Studies on the effect of 5-thio-d-glucose and 2-deoxy-d-glucose on myo-inositol metabolism[END_REF]. Overall, a careful evaluation of the impact of 2-DG exposure on inositol metabolism awaits further investigations.

GDP-2-DG and inhibition of protein N-glycosylation, causing ER stress and activation of the Unfolded Protein Response

Mannose is the C2 epimer of glucose (Figure 1), so 2-deoxyglucose is also equivalent to 2deoxymannose. Consequently, 2-DG can also hijack mannose metabolism in cells, particularly regarding protein glycosylation (Figure 3). In particular, 2-DG incorporation into GDP-2-DG competes for GDPmannose for incorporation by mannosyltransferases into N-linked glycans on lipid-linked oligosaccharides, resulted in the synthesis of partially glycosylated or unglycosylated proteins, as initially demonstrated on for viral glycoproteins [START_REF] Courtney | Effects of 2-deoxy-d-glucose on herpes simplex virus replication[END_REF][START_REF] Datema | Interference with glycosylation of glycoproteins. Inhibition of formation of lipid-linked oligosaccharides in vivo[END_REF][START_REF] Kaluza | Effect of 2-deoxy-d-glucose on the multiplication of semliki forest virus and the reversal of the block by mannose[END_REF][START_REF] Nakamura | Effects of glucosamine, 2-deoxyglucose, and tunicamycin on glycosylation, sulfation, and assembly of influenza viral proteins[END_REF][START_REF] Schmidt | Interference of nucleoside diphosphate derivatives of 2-deoxy-D-glucose with the glycosylation of virus-specific glycoproteins in vivo[END_REF][START_REF] Stohrer | Inhibition of Rous sarcoma virus replication by 2-deoxyglucose and tunicamycin: identification of an unglycosylated env gene product[END_REF] and in vitro [START_REF] Datema | Formation of 2-deoxyglucose-containing lipid-linked oligosaccharides. Interference with glycosylation of glycoproteins[END_REF]. Interestingly, the multiplication of various enveloped viruses occurred at concentrations below those required to block energy supply, arguing in favor of a direct effect of 2-DG on this pathway, and could be counteracted by exogenous mannose through the restoration of normal glycosylation [START_REF] Kaluza | Effect of 2-deoxy-d-glucose on the multiplication of semliki forest virus and the reversal of the block by mannose[END_REF]. This effect of 2-DG is not limited to viral proteins, and 2-DG treatment can, for example, lead to a lack of expression of glycoproteins at the cell surface, as demonstrated in the case of ligands of the activating receptor NKG2D (Natural killer group 2D)

[92] -a defect compensated by the addition of exogenous mannose. Work initiated by the Lampidis lab showed that this effect on protein glycosylation is the main mechanism by which 2-DG is toxic to oxygenated cells, which are less sensitive to the metabolic effects of 2-DG because of their ability to respire and thus cope with a decreased glycolytic efficiency [START_REF] Kurtoglu | Differential Toxic Mechanisms of 2-Deoxy-D-Glucose versus 2-Fluorodeoxy-D -Glucose in Hypoxic and Normoxic Tumor Cells[END_REF][START_REF] Kurtoglu | Under normoxia, 2-deoxy-D-glucose elicits cell death in select tumor types not by inhibition of glycolysis but by interfering with N-linked glycosylation[END_REF].

This additional effect of 2-DG on protein glycosylation also likely explains the strong effect of 2-DG on yeast cell lysis, which in addition to the perturbation of cell wall structural carbohydrates exerts an additional inhibition on mannan biosynthesis, a key component of the outer layer of the cell wall [START_REF] Kratky | Mechanism of 2-deoxy-D-glucose inhibition of cell-wall polysaccharide and glycoprotein biosyntheses in Saccharomyces cerevisiae[END_REF] (Figure 3). Mannans can sometimes be attached to other cell wall components, but they are often made of highly glycosylated proteins first synthesized in the endoplasmic reticulum (ER) or the Golgi, with a similar topology as mammalian high-mannose N-glycans, which can be further decorated with up to 50-200 mannosyl units [START_REF] Lipke | Cell wall architecture in yeast: new structure and new challenges[END_REF]. Accordingly, 2-DG inhibited cell wall regeneration on yeast with a degraded cell wall (protoplasts), mostly by preventing the normal synthesis of mannans and with evidence for the incorporation of 2-DG into these macromolecules [START_REF] Biely | Metabolism of 2-deoxy-D-glucose by baker's yeast. VI. A study on cell wall mannan[END_REF][START_REF] Biely | Effect of 2-deoxyglucose on cell wall formation in Saccharomyces cerevisiae and its relation to cell growth inhibition[END_REF][START_REF] Farkas | Inhibitory effect of 2-deoxy-d-glucose on the formation of the cell wall in yeast protoplasts[END_REF].

But more generally, because of the general interference with N-glycosylation, 2-DG causes protein misfolding, endoplasmic reticulum stress and the onset of the unfolded protein response (UPR) [START_REF] Kurtoglu | Under normoxia, 2-deoxy-D-glucose elicits cell death in select tumor types not by inhibition of glycolysis but by interfering with N-linked glycosylation[END_REF][START_REF] Leung | Activation of the unfolded protein response by 2-deoxy-D-glucose inhibits Kaposi's sarcoma-associated herpesvirus replication and gene expression[END_REF][START_REF] Shinjo | Comparative Analysis of the Expression Patterns of UPR-Target Genes Caused by UPR-Inducing Compounds[END_REF][START_REF] Watowich | Complex regulation of heat shock-and glucose-responsive genes in human cells[END_REF][START_REF] Xi | 2-Deoxy-D-glucose activates autophagy via endoplasmic reticulum stress rather than ATP depletion[END_REF] (Figure 3). Interestingly, in normoxic tumor cells, this seems to be the primary mechanism of its toxicity, rather than blockade of glycolysis, since the observed 2-DG-mediated cell death can be compensated to a large extent by exogenous mannose [START_REF] Kurtoglu | Under normoxia, 2-deoxy-D-glucose elicits cell death in select tumor types not by inhibition of glycolysis but by interfering with N-linked glycosylation[END_REF][START_REF] Xi | 2-Deoxy-D-glucose activates autophagy via endoplasmic reticulum stress rather than ATP depletion[END_REF]. Accordingly, 2-DG causes glycosylation defects in yeast and induces the UPR response, and yeast mutants defective for UPR are hypersensitive to 2-DG, except when supplied with exogenous mannose [START_REF] Defenouillėre | The induction of HAD-like phosphatases by multiple signaling pathways confers resistance to the metabolic inhibitor 2-deoxyglucose[END_REF]. Moreover, 2-DG-mediated N-glycosylation inhibition was reported to trigger autophagy [START_REF] Xi | 2-Deoxy-D-glucose activates autophagy via endoplasmic reticulum stress rather than ATP depletion[END_REF], AMPK (5'-AMP activated protein kinase) activation [START_REF] Xi | Endoplasmic reticulum stress induced by 2-deoxyglucose but not glucose starvation activates AMPK through CaMKKβ leading to autophagy[END_REF] but also to downregulate ERK (extracellular signal-regulated kinase) and protein kinase B/AKT signaling [START_REF] Kovacs | 2-Deoxy-Glucose Downregulates Endothelial AKT and ERK via Interference with N-Linked Glycosylation, Induction of Endoplasmic Reticulum Stress, and GSK3 Activation[END_REF], adding to the other effects that 2-DG has on signaling pathways, as described in the next section.

Other indirect effects of 2-DG on signaling and cellular pathways

Effect of 2-DG on AMPK signaling in mammalian cells

Through its many ways of interfering with carbohydrate metabolism, 2-DG triggers many signaling events affecting normal cell function. A first, well-known effect of 2-DG is the activation of the nutrient sensor 5'-AMP-activated kinase, AMPK (Figure 3). AMPK is key for the metabolic adaptation of cells during nutrient stress, through the inhibition of ATP-consuming processes and the simultaneous activation of alternative ATP-generating pathways [START_REF] Carling | AMPK signalling in health and disease[END_REF]. In cells that primarily use glycolysis as a source of ATP, 2-DG likely activates AMPK through ATP depletion and the subsequent increase in AMP or ADP [START_REF] Hardie | Regulation of AMP-activated protein kinase by natural and synthetic activators[END_REF]. The mechanistic details of AMPK activation by 2-DG have not been fully addressed and they may depend on the cell lines considered and their metabolism [eg. regarding the involvement of the upstream kinase LKB1, 105,59]. Interestingly, AMPK activation participates in the survival of cancer cells to 2-DG, suggestive of an adaptation to this metabolic stress [START_REF] Jeon | AMPK regulates NADPH homeostasis to promote tumour cell survival during energy stress[END_REF][START_REF] Wu | Combined inhibition of glycolysis and AMPK induces synergistic breast cancer cell killing[END_REF].

Additionally, it was shown that AMPK can also be activated by 2-DG-induced ER stress in a pancreatic tumor cell line, particularly in aerobic conditions [START_REF] Xi | Endoplasmic reticulum stress induced by 2-deoxyglucose but not glucose starvation activates AMPK through CaMKKβ leading to autophagy[END_REF], whereas reactive oxygen species generated in response to 2-DG treatment participated in AMPK activation in bovine aortic endothelial cells [START_REF] Wang | 2-Deoxy-D-Glucose Treatment of Endothelial Cells Induces Autophagy by Reactive Oxygen Species-Mediated Activation of the AMP-Activated Protein Kinase[END_REF] suggesting that several 2-DG-induced stresses may contribute to AMPK activation.

A careful study comparing various AMPK agonists demonstrated that 2-DG treatment of mouse embryonic fibroblasts leads to the activation of canonical AMPK signaling, including phosphorylation of AMPK itself (Thr172) and of its model substrate acetyl-CoA carboxylase (Ser79) [START_REF] Vincent | Differential effects of AMPK agonists on cell growth and metabolism[END_REF]. In breast cancer cells, 2-DG treatment triggers the phosphorylation of CREB (cAMP response element-binding protein) on Ser133 and activates downstream signaling [START_REF] Wu | Combined inhibition of glycolysis and AMPK induces synergistic breast cancer cell killing[END_REF]. However, contrary to the synthetic compound A-769662 which activates AMPK allosterically [START_REF] Cool | Identification and characterization of a small molecule AMPK activator that treats key components of type 2 diabetes and the metabolic syndrome[END_REF], all commonly used AMPK activators including 2-DG have additional, AMPK-independent effects on cell growth [START_REF] Vincent | Differential effects of AMPK agonists on cell growth and metabolism[END_REF]. Accordingly, some effects of 2-DG are not recapitulated by other AMPK activators [START_REF] Bizjak | Combined treatment with Metformin and 2-deoxy glucose induces detachment of viable MDA-MB-231 breast cancer cells in vitro[END_REF], which is not surprising because of its other cellular effects detailed earlier in this review.

Other signaling pathways affected by 2-DG: mTORC1, tyrosine kinases and beyond

In itself, AMPK activation already has a plethora of consequences [START_REF] Garcia | AMPK: Mechanisms of Cellular Energy Sensing and Restoration of Metabolic Balance[END_REF] and this likely participates in the complexity of 2-DG-mediated toxicity. A first obvious consequence of AMPK activation is the inhibition of mTORC1 (mammalian target of rapamycin complex 1) activity, another central regulator of metabolism that functions opposite to AMPK. TOR favors biosynthetic metabolism, protein translation, and proliferation while it inhibits autophagy [START_REF] Kim | mTOR as a central hub of nutrient signalling and cell growth[END_REF]. Accordingly, 2-DG, like most other AMPK agonists, led to increased phosphorylation (inhibition) of the mTORC1 component and AMPK substrate, Raptor (Ser792); however, 2-DG did not prevent the phosphorylation of the mTORC1 substrate S6K1 (Thr389) contrary to other AMPK agonists, indicating only partial inhibition of mTORC1 by 2-DG [START_REF] Vincent | Differential effects of AMPK agonists on cell growth and metabolism[END_REF], although others reported a stronger inhibition [START_REF] Dennis | Mammalian TOR: a homeostatic ATP sensor[END_REF]. This inhibition may account for the known effect of 2-DG on triggering autophagy in various cell lines [START_REF] Ben Sahra | Targeting cancer cell metabolism: the combination of metformin and 2deoxyglucose induces p53-dependent apoptosis in prostate cancer cells[END_REF][START_REF] Dipaola | Therapeutic starvation and autophagy in prostate cancer: a new paradigm for targeting metabolism in cancer therapy[END_REF][START_REF] Vander Haar | Insulin signalling to mTOR mediated by the Akt/PKB substrate PRAS40[END_REF][START_REF] Wu | Silencing of Elongation Factor-2 Kinase Potentiates the Effect of 2-Deoxy-D-Glucose against Human Glioma Cells through Blunting of Autophagy[END_REF], and indeed the effect of 2-DG on mTORC1 activation was attenuated in breast carcinoma cells with impaired AMPK activity [START_REF] Jiang | Modulation of the activities of AMP-activated protein kinase, protein kinase B, and mammalian target of rapamycin by limiting energy availability with 2-deoxyglucose[END_REF]. Besides, inhibition of Nglycosylation by 2-DG and the ensuing ER stress were found to be the trigger of autophagy, since 2-DGinduced autophagy was abrogated by the addition of exogenous mannose which should only alleviate the glycosylation defects [START_REF] Xi | 2-Deoxy-D-glucose activates autophagy via endoplasmic reticulum stress rather than ATP depletion[END_REF]. This suggests again that several 2-DG-induced stresses may synergize to inhibit mTORC1.

In many cancer cell lines, 2-DG treatment was shown to rapidly and sustainably induce the activation of the growth-promoting kinase Akt through its phosphorylation at Thr308 and Ser473, but this was independent of glycolysis inhibition or AMPK activation and required PI3K signaling [START_REF] Zhong | The Glycolytic Inhibitor 2-Deoxyglucose Activates Multiple Prosurvival Pathways through IGF1R[END_REF][START_REF] Zhong | 2-Deoxyglucose induces Akt phosphorylation via a mechanism independent of LKB1/AMP-activated protein kinase signaling activation or glycolysis inhibition[END_REF].

Interestingly, the activation of Akt dampened the growth-inhibitory effects of 2-DG, resulting in partial tolerance to 2-DG. This occurred through IGF-1 (insulin-like growth factor 1) receptor signaling, a key regulator cell growth, and cell cycle progression [START_REF] Zhong | The Glycolytic Inhibitor 2-Deoxyglucose Activates Multiple Prosurvival Pathways through IGF1R[END_REF]. Further demonstrating the pleiotropic effects of 2-DG on cellular signaling, the use of a phospho-specific antibody microarray on 2-DG-treated non-small human lung carcinoma cells (H460) revealed an increase in the phosphorylation of 7 tyrosine kinases and 64 sites on target proteins including Raf-MEK-ERK kinases targets, cell cycle or DNA damage checkpoint proteins (p53, Chk1/2, RB, BRCA1) or JAK/STAT proteins [START_REF] Zhong | The Glycolytic Inhibitor 2-Deoxyglucose Activates Multiple Prosurvival Pathways through IGF1R[END_REF], some of which depended on LKB1/AMPK signaling [START_REF] Sun | 2-Deoxyglucose Suppresses ERK Phosphorylation in LKB1 and Ras Wild-Type Non-Small Cell Lung Cancer Cells[END_REF].

2-DG induced apoptosis in vitro in various cancer cell models [START_REF] Aft | Evaluation of 2-deoxy-D-glucose as a chemotherapeutic agent: mechanism of cell death[END_REF][START_REF] Bell | 2-Deoxy-D-glucose preferentially kills multidrug-resistant human KB carcinoma cell lines by apoptosis[END_REF][START_REF] Muñoz-Pinedo | Inhibition of glucose metabolism sensitizes tumor cells to death receptor-triggered apoptosis through enhancement of death-inducing signaling complex formation and apical procaspase-8 processing[END_REF], and although this could be due to the impairment of glycolysis, there are instances where it has also been linked to ER stress [START_REF] Ramirez-Peinado | 2-Deoxyglucose Induces Noxa-Dependent Apoptosis in Alveolar Rhabdomyosarcoma[END_REF].

It should also be noted that environmental conditions and drug dosage are likely to influence the mechanism by which this occurs [reviewed in 4].

Similar to other ER-stressing agents such as tunicamycin and thapsigargin, 2-DG induces calcium release from the ER to the cytosol, contributing to AMPK activation through the calcium/calmodulindependent protein kinase kinase β (CaMKKβ) in human pancreatic tumor cells [START_REF] Xi | Endoplasmic reticulum stress induced by 2-deoxyglucose but not glucose starvation activates AMPK through CaMKKβ leading to autophagy[END_REF], and likely to many other pathways. A depletion of ER Ca 2+ stores was also observed after 2-DG treatment in Hep2 cells [START_REF] Kavaliauskiene | Novel actions of 2-deoxy-D-glucose: protection against Shiga toxins and changes in cellular lipids[END_REF],

and it was suggested that this mediates protection towards Shiga toxins. These are bacterial toxins that bind glycosphingolipids of the cell surface and are endocytosed and retrograde-trafficked to the ER, where their enzymatically active moiety (Stx-A1) is released into the ER lumen and then translocated to the cytosol to inhibit protein synthesis. 2-DG treatment specifically impaired Stx-A1 release in the ER, possibly through its effect on Ca 2+ homeostasis and independently of glycosylation inhibition [START_REF] Kavaliauskiene | Novel actions of 2-deoxy-D-glucose: protection against Shiga toxins and changes in cellular lipids[END_REF].

Effect of 2-DG on AMPK signaling in yeast

The effects of 2-DG on the Saccharomyces cerevisiae AMPK orthologue, Snf1, are much less clear.

In budding yeast, the presence of non-fermentable carbon substrates as a sole energy source or the depletion of glucose leads to the activation of Snf1, which plays an essential role in the adaptation to nonglucose growth conditions [for review, see 18]. This includes the derepression of otherwise glucoserepressed genes involved in alternative metabolism. Snf1 activity requires the phosphorylation of a threonine residue in its activation loop [START_REF] Mccartney | Regulation of Snf1 kinase. Activation requires phosphorylation of threonine 210 by an upstream kinase as well as a distinct step mediated by the Snf4 subunit[END_REF]. The signal which regulates Snf1 phosphorylation as a function of glucose availability remains unknown. This phosphorylation is controlled by three protein kinases ["upstream kinases", 127-129] whose activities on Snf1 are counteracted by phosphatases, the main one being the Protein Phosphatase 1 (PP1) complex Glc7/Reg1 (Glc7 being the catalytic subunit and Reg1 a glucose-specific regulatory subunit) [START_REF] Ruiz | Ptc1 protein phosphatase 2C contributes to glucose regulation of SNF1/AMP-activated protein kinase (AMPK) in Saccharomyces cerevisiae[END_REF][START_REF] Ruiz | Roles of two protein phosphatases, Reg1-Glc7 and Sit4, and glycogen synthesis in regulation of SNF1 protein kinase[END_REF][START_REF] Tu | REG1 binds to protein phosphatase type 1 and regulates glucose repression in Saccharomyces cerevisiae[END_REF]. Therefore, the activation state of Snf1 is the resulting balance of these two opposite reactions. Since there is no evidence of a regulation of upstream kinases by glucose, Snf1 dephosphorylation is likely the main mechanism for the regulation of its activity by glucose availability [START_REF] Rubenstein | Access denied: Snf1 activation loop phosphorylation is controlled by availability of the phosphorylated threonine 210 to the PP1 phosphatase[END_REF]. This would imply that glucose metabolism regulates the Snf1-inactivating phosphatase Glc7/Reg1, and/or that the accessibility of the activation loop's threonine varies with the energy status of the cell. In agreement with the latter hypothesis, Snf1 phosphorylation was found to be protected against dephosphorylation by ADP [START_REF] Mayer | ADP Regulates SNF1, the Saccharomyces cerevisiae Homolog of AMP-Activated Protein Kinase[END_REF], as demonstrated for AMPK [START_REF] Oakhill | AMPK Is a Direct Adenylate Charge-Regulated Protein Kinase[END_REF][START_REF] Xiao | Structure of mammalian AMPK and its regulation by ADP[END_REF].

When cells are grown in the presence of glucose (ie. low Snf1 activity), the effect of 2-DG on Snf1 activation is rather modest, as measured by its phosphorylation of the activation loop [START_REF] Mccartney | Genetic analysis of resistance and sensitivity to 2-deoxyglucose in Saccharomyces cerevisiae[END_REF]. Moreover, this does not seem to affect the phosphorylation of a Snf1 model substrate, the transcriptional repressor Mig1 [START_REF] Mccartney | Genetic analysis of resistance and sensitivity to 2-deoxyglucose in Saccharomyces cerevisiae[END_REF], although other Snf1 substrates may, of course, behave differently. Interestingly, lack of Snf1 renders glucose-grown cells hypersensitive to 2-DG, suggesting that (a) Snf1-dependent process(es) participates in the relative 2-DG tolerance of wild-type cells [START_REF] Mccartney | Genetic analysis of resistance and sensitivity to 2-deoxyglucose in Saccharomyces cerevisiae[END_REF].

However, the situation seems quite different when 2-DG is added to yeast grown in the absence, or in limiting amounts, of glucose. In this case, it seems that yeast cannot discriminate between glucose and 2-DG, because both sugars trigger the rapid inhibition of Snf1 phosphorylation [START_REF] Hedbacker | Regulation of the nucleocytoplasmic distribution of Snf1-Gal83 protein kinase[END_REF][START_REF] Mccartney | Genetic analysis of resistance and sensitivity to 2-deoxyglucose in Saccharomyces cerevisiae[END_REF]. Therefore, regarding Snf1 signaling, 2-DG is perceived as glucose by yeast cells, at least when cultivated in a lesspreferred carbon source, and this actually founded the basis for the use of 2-DG to identify glucoseinsensitive mutants (see part 1) [START_REF] Zimmermann | Mutants of Saccharomyces cerevisiae resistant to carbon catabolite repression[END_REF][START_REF] Entian | Saccharomyces cerevisiae mutants provide evidence of hexokinase PII as a bifunctional enzyme with catalytic and regulatory domains for triggering carbon catabolite repression[END_REF][START_REF] Neigeborn | Mutations causing constitutive invertase synthesis in yeast: genetic interactions with snf mutations[END_REF]. Of note, Snf1 targets are also dephosphorylated in response to 2-DG [START_REF] Mccartney | Genetic analysis of resistance and sensitivity to 2-deoxyglucose in Saccharomyces cerevisiae[END_REF][START_REF] Becuwe | A molecular switch on an arrestin-like protein relays glucose signaling to transporter endocytosis[END_REF], and the effect is almost immediate, suggesting it could be attributed to their 2-DGinduced dephosphorylation by the Glc7/Reg1 phosphatase. Whether 2-DG or a derived metabolite regulates Glc7/Reg1 remains to be established. Intriguingly, the effects of 2-DG on glucose-starved cells are annihilated by the overexpression of a 2-DG-6-P phosphatase, suggesting that 2-DG-6-P accumulation is required for this regulation [START_REF] Randez-Gil | The expression of a specific 2-deoxyglucose-6P phosphatase prevents catabolite repression mediated by 2-deoxyglucose in yeast[END_REF]. In any case, decades after its first use for yeast research, 2-DG still appears as a crucial tool to decipher open questions on AMPK signaling in yeast.

Use of 2-DG in the context of cancer treatment or cancer imaging

Evaluation of the use of 2-DG for cancer treatment

Because cancer cells generally display an altered metabolism with increased glucose uptake and utilization by glycolysis, there is a large potential of therapeutic interventions by targeting the early steps of glucose uptake and metabolism, more specifically glycolysis [START_REF] Galluzzi | Metabolic targets for cancer therapy[END_REF].

The first report of the use of 2-DG in patients dates from 1958 [START_REF] Landau | Certain metabolic and pharmacologic effects in cancer patients given infusions of 2-deoxy-D-glucose[END_REF]. In this study, 2-DG was infused intravenously in 8 patients affected by various cancers. 2-DG induced a rise in blood glucose, concomitantly to hypoglycemia-like symptoms such as flushing, sweating, drowsiness, and hypothermia, which disappeared after 90 min. This is in agreement with our current knowledge that 2-DG both competes with glucose uptake and its metabolism. A single infusion did not impact the progression of the disease, suggesting that multiple treatments would be required, and in light of its toxicity which prevented the use of higher doses, further attempts at using 2-DG for cancer therapies were abandoned for several decades. It is also interesting to note that in early trials, only 30% of the dose of 2-DG administered to patients was excreted in the urine, and the fate of the 70% left in the body was unknown [START_REF] Landau | Certain metabolic and pharmacologic effects in cancer patients given infusions of 2-deoxy-D-glucose[END_REF]. A phase I dose-escalation trial aimed at establishing the recommended doses of 2-DG which, when used as a single agent, would allow targeting hypoxic cells with little toxicity on normoxic tumor cells was published in 2010 [START_REF] Stein | Targeting tumor metabolism with 2-deoxyglucose in patients with castrate-resistant prostate cancer and advanced malignancies[END_REF]. 2-DG treatment competed with FDG uptake as determined by PET-scan, and expression of the autophagy protein p62 in peripheral blood mononuclear cell decreased in 5 out of 6 patients tested, although the rationale for the latter is not clear. Out of 7 castration-resistant prostate cancer patients who completed the study, none showed a decrease in prostate-specific antigen.

Several studies of the impact of 2-DG on the growth in vitro of human leukemia cells isolated from patients [START_REF] Laszlo | The Effect of Glucose Analogues on the Metabolism of Human Leukemic Cells[END_REF] and in various transplantable tumors in mice [START_REF] Laszlo | Effects of glucose analogues (2-deoxy-D-glucose, 2-deoxy-D-galactose) on experimental tumors[END_REF] as well as the in vivo effects of 2-DG administration on tumor growth in rats were very encouraging [START_REF] Cay | Inhibitory effect of 2-deoxy-Dglucose on liver tumor growth in rats[END_REF][START_REF] Kern | Inhibition of established rat fibrosarcoma growth by the glucose antagonist 2-deoxy-D-glucose[END_REF]. However, later investigations using nude mouse xenograft models of human osteosarcoma and non-small cell lung cancer showed that 2-DG treatment, when provided as a single agent, does not inhibit tumor growth [START_REF] Xi | The wonders of 2-deoxy-D-glucose[END_REF][START_REF] Maschek | 2-deoxy-D-glucose increases the efficacy of adriamycin and paclitaxel in human osteosarcoma and non-small cell lung cancers in vivo[END_REF]. Altogether, given its obvious toxic effects on the proliferation of various cancer cell lines in vitro [START_REF] Pajak | 2-Deoxy-d-Glucose and Its Analogs: From Diagnostic to Therapeutic Agents[END_REF][START_REF] Zhu | 2-Deoxyglucose as an Energy Restriction Mimetic Agent: Effects on Mammary Carcinogenesis and on Mammary Tumor Cell Growth In vitro[END_REF] these results

were disappointing and suggested that the use of 2-DG as a single therapeutic molecule is unlikely.

Moreover, 2-DG activates pro-survival pathways in several cancer cell lines that could attenuate its anticancer effect [START_REF] Zhong | The Glycolytic Inhibitor 2-Deoxyglucose Activates Multiple Prosurvival Pathways through IGF1R[END_REF], justifying the use of an additional agent when using 2-DG for therapy.

2-DG in the context of combination therapies to target slow-growing, hypoxic cells

The fact that cancer cells are still able to use other carbon sources through oxidative phosphorylation when oxygen is present as well as the existing metabolic cooperation between tumor cell populations [START_REF] Li | Cancer Cells Don't Live Alone: Metabolic Communication within Tumor Microenvironments[END_REF] render tumors less sensitive to glycolysis inhibition than anticipated. Similarly, 2-DG is efficient at inhibiting the growth of most carcinoma cells lines in (normoxic) culture but does not cause their death [START_REF] Maher | Greater cell cycle inhibition and cytotoxicity induced by 2-deoxy-d-glucose in tumor cells treated under hypoxic vs aerobic conditions[END_REF]. Moreover, when it does, it is rather through the inhibition of N-glycosylation than a metabolic blockade [START_REF] Kurtoglu | Under normoxia, 2-deoxy-D-glucose elicits cell death in select tumor types not by inhibition of glycolysis but by interfering with N-linked glycosylation[END_REF].

Instead, studies revealed that cancer cells in hypoxia, which rely more heavily on anaerobic glycolysis for their survival, are more susceptible to the 2-DG-mediated arrest of proliferation and death [START_REF] Maher | Greater cell cycle inhibition and cytotoxicity induced by 2-deoxy-d-glucose in tumor cells treated under hypoxic vs aerobic conditions[END_REF][START_REF] Liu | Hypersensitization of tumor cells to glycolytic inhibitors[END_REF]. This implied that the hypoxic subpopulation of tumor cells, that are slow-growing and generally considered as less sensitive to chemotherapeutic agents and radiotherapy, may be selectively targeted by 2-DG and possibly other glycolytic inhibitors [START_REF] Liu | Hypoxia increases tumor cell sensitivity to glycolytic inhibitors: a strategy for solid tumor therapy (Model C)[END_REF]. Indeed, similar observations were made for the hexokinase inhibitor 3-bromopyruvate [START_REF] Xu | Inhibition of glycolysis in cancer cells: a novel strategy to overcome drug resistance associated with mitochondrial respiratory defect and hypoxia[END_REF].

These data suggested that 2-DG should rather be used in the context of combination therapies, in addition to drugs targeting oxygenated, proliferating cells. Indeed, when 2-DG combined with other, more systemic chemotherapeutic agents targeting proliferating cells such as adriamycin (DNA topoisomerase II inhibitor) or paclitaxel (another microtubule depolymerization inhibitor), it was found to potentiate their effect on tumor growth inhibition and on promoting animal survival in lung cancer and osteosarcoma mouse xenograft models [START_REF] Maschek | 2-deoxy-D-glucose increases the efficacy of adriamycin and paclitaxel in human osteosarcoma and non-small cell lung cancers in vivo[END_REF]. In mouse models of retinoblastoma, 2-DG was found to enhance the effects of a commonly used antineoplastic agent for this cancer, the platinum compound carboplatin, specifically by promoting the death of hypoxic tumor cells [START_REF] Boutrid | Targeting hypoxia, a novel treatment for advanced retinoblastoma[END_REF], confirming that 2-DG offers a way to target this population. 2-DG also sensitized cells to the ABT class of apoptosis inducers and Bcl-2 antagonists in a mice tumor xenograft setting of hormone-independent, chemo-resistant human prostate cancer [START_REF] Yamaguchi | Efficient Elimination of Cancer Cells by Deoxyglucose-ABT-263/737 Combination Therapy[END_REF]. An interesting synergy was also discovered between 2-DG and the DNA-damaging agent etoposide (topoisomerase II inhibitor), whereby it enhances the antitumor T-cell response in the tumor microenvironment in a mouse model of lymphoma [START_REF] Beneteau | Combination of glycolysis inhibition with chemotherapy results in an antitumor immune response[END_REF]. Thus, traditional chemotherapies might benefit from a combination with 2-DG to increase their clinical effectiveness.

In another phase I dose-escalation trial, 2-DG was tested alone or in combination with a microtubule-stabilizing drug, docetaxel, in patients with advanced solid tumors [START_REF] Raez | A phase I dose-escalation trial of 2-deoxy-Dglucose alone or combined with docetaxel in patients with advanced solid tumors[END_REF]. Side-effects of 2-DG treatment again included increased blood glucose and hypoglycemia-like symptoms, as well as some gastric ulcers (probably caused by increase gastric acid production) and prolonged but asymptomatic QTc intervals. The combination was clinically tolerable with no pharmacokinetic interaction. Overall, one-third of the patients showed stable disease for the duration of the treatment (8 weeks), suggesting a clinical benefit. Additional optimizations will be required to enhance this treatment in the future.

Many other studies combining 2-DG with either another metabolic perturbator, chemotherapeutic drugs, or even radiation therapy suggest it is a promising approach for improving therapies [reviewed in 143]. Among the metabolic perturbators, an in vitro study showed that 2-DG potentiates the cytotoxic effects of oligomycin, a mitochondrial respiration inhibitor, in glioblastoma multiforme cells [START_REF] Kennedy | Differential sensitivities of glioblastoma cell lines towards metabolic and signaling pathway inhibitions[END_REF]. Particularly, because of the known effects of 2-DG on AMPK activation, its action was also evaluated in the context of AMPK inhibition to antagonize this metabolic adaptation, for example by Compound C in breast cancer cell lines [START_REF] Wu | Combined inhibition of glycolysis and AMPK induces synergistic breast cancer cell killing[END_REF]. Alternatively, several studies aimed at reinforcing the ATP-depleting properties of 2-DG, for example with the use of metformin which is probably the most studied drug in combination with 2-DG. Metformin is a compound widely used for type 2 diabetes treatment which lowers hyperglycemia by inhibiting hepatic lipogenesis and gluconeogenesis and promotes insulin sensitivity [reviewed in 155]. At the cellular level, metformin is a mild mitochondrial complex I inhibitor, leading to decreased ATP levels and AMPK activation, although akin to 2-DG, some consequences of metformin are independent of AMPK [START_REF] Foretz | Metformin inhibits hepatic gluconeogenesis in mice independently of the LKB1/AMPK pathway via a decrease in hepatic energy state[END_REF]. The combination of 2-DG and metformin synergistically depleted cellular ATP, and sustained activation of AMPK and autophagy in several cancer cell types [START_REF] Cheong | Dual inhibition of tumor energy pathway by 2-deoxyglucose and metformin is effective against a broad spectrum of preclinical cancer models[END_REF]. Interestingly, the presence of metformin shifted the 2-DG response of prostate cancer cell lines from autophagy to apoptosis [START_REF] Ben Sahra | Targeting cancer cell metabolism: the combination of metformin and 2deoxyglucose induces p53-dependent apoptosis in prostate cancer cells[END_REF], and also triggered apoptosis in ovarian cancer cells and esophageal squamous cell carcinoma [START_REF] Shafaee | Induction of Apoptosis by a Combination of 2-Deoxyglucose and Metformin in Esophageal Squamous Cell Carcinoma by Targeting Cancer Cell Metabolism, Iran[END_REF][START_REF] Zhu | Targeting cancer cell metabolism: The combination of metformin and 2-Deoxyglucose regulates apoptosis in ovarian cancer cells via p38 MAPK/JNK signaling pathway[END_REF]. This combination also caused a decrease in angiogenesis in endothelial cells more efficiently than the drugs alone [START_REF] Samuel | Treatment with a Combination of Metformin and 2-Deoxyglucose Upregulates Thrombospondin-1 in Microvascular Endothelial Cells: Implications in Anti-Angiogenic Cancer Therapy[END_REF], in line with other investigations supporting the use of 2-DG to inhibit angiogenic potential [START_REF] Kovacs | 2-Deoxy-Glucose Downregulates Endothelial AKT and ERK via Interference with N-Linked Glycosylation, Induction of Endoplasmic Reticulum Stress, and GSK3 Activation[END_REF][START_REF] Chuang | The anti-angiogenic action of 2-deoxyglucose involves attenuation of VEGFR2 signaling and MMP-2 expression in HUVECs[END_REF][START_REF] Kunhiraman | 2-Deoxy Glucose Modulates Expression and Biological Activity of VEGF in a SIRT-1 Dependent Mechanism: REGULATION OF VEGF BY 2-DG[END_REF][START_REF] Merchan | Antiangiogenic Activity of 2-Deoxy-D-Glucose[END_REF]. However, recent results showed that this combination induced a detachment of breast cancer cells in vitro that remain viable [START_REF] Bizjak | Combined treatment with Metformin and 2-deoxy glucose induces detachment of viable MDA-MB-231 breast cancer cells in vitro[END_REF]. Whether this is significant for the metastasis potential in vivo remains to be evaluated, as it could be counteracted by the inhibition of cell migration by 2-DG [START_REF] Merchan | Antiangiogenic Activity of 2-Deoxy-D-Glucose[END_REF].

Finally, because 2-DG triggers ER stress and this appears to be its most toxic action in normoxic cells, preventing the onset of a proper unfolded protein response by targeting components of this signaling pathways shifts the cell growth-inhibitory effect of 2-DG to cell death, which could be exploited in the future to potentiate 2-DG toxicity [START_REF] Liu | Conversion of 2-deoxyglucose-induced growth inhibition to cell death in normoxic tumor cells[END_REF].

2-DG as a sensitizer for radiation therapies

Work initially performed in yeast demonstrated that 2-DG inhibits DNA repair in respiratorydeficient cells [START_REF] Jain | Energetics of Cellular Repair Processes in a Respiratory-Deficient Mutant of Yeast[END_REF]. This inspired further work aimed at determining the potential effect of 2-DG in the context of radiation-induced therapies. Indeed, subsequent findings revealed that 2-DG potentiated the radio-sensitization effect on cancer cells [START_REF] Dwarakanath | Modification of the radiation induced damage by 2-deoxy-D-glucose in organ cultures of human cerebral gliomas[END_REF][START_REF] Jain | Effects of 2-deoxy-Dglucose on glycolysis, proliferation kinetics and radiation response of human cancer cells[END_REF]. These observations and others also led to clinical trials aimed at evaluating the effect of 2-DG treatment in the context of radiation therapy [START_REF] Mohanti | Improving cancer radiotherapy with 2-deoxy-d-glucose: phase I/II clinical trials on human cerebral gliomas[END_REF], but only indicating a mild benefit -the amount of 2-DG being limited by its side-effects and toxicity [reviewed in [START_REF] Dwarakanath | Clinical studies for improving radiotherapy with 2-deoxy-D-glucose: present status and future prospects[END_REF]. Another clinical trial suggests that 2-DG can be used in combination with radiation therapy in patients with glioblastoma multiforme with enhanced survival when 2-DG is provided at high doses, when tolerated [START_REF] Singh | Optimizing cancer radiotherapy with 2-deoxy-d-glucose dose escalation studies in patients with glioblastoma multiforme, Strahlenther[END_REF].

Use of 2-DG derivatives for cancer imaging by positron emission tomography

The principle of using 2-deoxyglucose-derivatives for cancer imaging is based on the premise that increased glucose utilization is a nearly universal feature of cancers, as described by Warburg nearly a century ago. The rationale is that poorly metabolizable glucose analogs such as 2-deoxyglucose should be preferentially transported across the membrane of highly glycolytic cells, and thus should concentrate in regions of increased glycolysis. Consequently, the use of a traceable version of this drug would provide a whole-body readout of regions with strong glucose import.

Developed in the 1970s to study glucose metabolism [START_REF] Sokoloff | DEOXYGLUCOSE METHOD FOR THE MEASUREMENT OF LOCAL CEREBRAL GLUCOSE UTILIZATION: THEORY, PROCEDURE, AND[END_REF], the localization of the glucose analog 18 -Fluoro-2-deoxyglucose ( 18 FDG) can be followed by positron emission tomography-based imaging (PET) and its accumulation in cells depends on glucose transporters and hexokinase [START_REF] Ong | 2-[ 18 f]-2-deoxy-d-glucose (fdg) uptake in human tumor cells is related to the expression of glut-1 and hexokinase ii[END_REF]. 18 FDG is now commonly used to localize metabolically active tumors for diagnosis as well as to evaluate cancer evolution or response to treatment in various types of cancer (lymphomas, head and neck, lung, or gynecologic cancers), but also in the context of Alzheimer's disease and other disorders [for review, see 173].

Novel 2-deoxyglucose-derived drugs on the rise

Other 2-deoxy-substituted glucose-derived drugs have been developed and compared to 2-DG [for a recent review, see 143]. For example, Lampidis et al. [START_REF] Lampidis | Efficacy of 2-halogen substituted d-glucose analogs in blocking glycolysis and killing "hypoxic tumor cells[END_REF] tested the efficacy of glucose analogs that are halogen-substituted in position 2 (Fluoro/Chloro/Bromo-2-deoxyglucose) for their ability to block glycolysis and kill hypoxic tumor cells. They showed that FDG inhibited glycolysis more strongly than 2-DG and was more cytotoxic than 2-DG, in agreement with previous findings whereby FDG appeared more toxic than 2-DG to glucose-grown yeast cells and imposed a stronger block on glycolysis [START_REF] Tran-Dinh | Reciprocal effects of 2fluoro-2-deoxy-d-glucose and glucose on their metabolism in Saccharomyces cerevisiae studied by multi-nuclear NMR spectroscopy[END_REF]. The authors also noted a relationship between the halogen size and its inhibitory potential on glycolysis [START_REF] Lampidis | Efficacy of 2-halogen substituted d-glucose analogs in blocking glycolysis and killing "hypoxic tumor cells[END_REF].

On the contrary, FDG is less efficient at inhibiting glycosylation than 2-DG [START_REF] Datema | Fluoroglucose-Inhibition of Protein Glycosylation in vivo. Inhibition of Mannose and Glucose Incorporation into Lipid-Linked Oligosaccharides[END_REF], probably because the extra fluoride atom makes it less of a mannose mimic. Thus, the comparison between the effects of 2-DG and FDG allows one to discriminate between the effects of 2-DG on glycosylation and glycolysis [START_REF] Kurtoglu | Differential Toxic Mechanisms of 2-Deoxy-D-Glucose versus 2-Fluorodeoxy-D -Glucose in Hypoxic and Normoxic Tumor Cells[END_REF],

although other pathways might also be differentially affected. For example, contrary to 2-DG, FDG did not incorporate into glycosphingolipids but blocks the biosynthesis of the glucosylceramide precursor [START_REF] Kavaliauskiene | Cellular effects of fluorodeoxyglucose: Global changes in the lipidome and alteration in intracellular transport[END_REF].

Still, because of this preferential interference with glycolysis, FDG might be more efficient in killing hypoxic cells in vivo, as demonstrated in a transgenic mouse model of retinoblastoma [START_REF] Piña | Retinoblastoma treatment: impact of the glycolytic inhibitor 2-deoxy-d-glucose on molecular genomics expression in LH(BETA)T(AG) retinal tumors[END_REF].

More 2-DG analogs are also being developed and assessed for possible medical use. WP1122 is a 2-deoxyglucose-derived molecule with additional acetyl substitutions at positions 3 and 6 (3,6-di-O-acetyl-2-deoxy-d-glucose) [START_REF] Priebe | DESIGN AND EVALUATION OF WP1122[END_REF]. Interestingly, its chemical structure allows it to cross the blood-brain barrier by passive diffusion rather than through glucose transporters, suggesting potential applications to target brain tumors. Its intracellular deacetylation by esterases allows trapping of the molecule, leaving a 2deoxyglucose remnant that can be phosphorylated and inhibitory just like 2-deoxyglucose. This new way of delivery seems to achieve a greater accumulation of 2-DG in plasma but also a longer half-life of the molecule, and a higher efficiency than 2-DG on a glioblastoma cell line in vitro [START_REF] Pajak | 2-Deoxy-d-Glucose and Its Analogs: From Diagnostic to Therapeutic Agents[END_REF][START_REF] Priebe | DESIGN AND EVALUATION OF WP1122[END_REF].

2-DG resistance strategies in yeasts and filamentous fungi

The ability to generate mutants able to tolerate 2-DG has been observed very early on in mammalian cell culture [START_REF] Barban | Mechanism of resistance to 2-deoxy-d-glucose in HeLa cells[END_REF] and in microorganisms, both in budding yeast [START_REF] Heredia | Metabolic Studies with 2-Deoxyhexoses. II. Resistance to 2-Deoxyglucose in a Yeast Mutant[END_REF] and E. coli [START_REF] Dietz | Studies on the uptake of hexose phosphates. I. 2-Deoxyglucose and 2-deoxyglucose 6-phosphate[END_REF]. To better understand how glucose is sensed and regulates the expression of specific enzymes such as invertase [a secreted enzyme which hydrolyzes sucrose into glucose and fructose, with important industrial uses, 183], but also to study the process of glucose phosphorylation by hexokinases, several groups performed genetic screens to isolate 2-DG-resistant mutants of budding yeast. These studies were facilitated by the fact that 2-DG resistance occurs at high frequency [START_REF] Heredia | Saccharomyces cerevisiae acquires resistance to 2deoxyglucose at a very high frequency[END_REF]. Table 1 summarizes the mutants obtained in the course of these studies and they will be discussed in greater detail in the next sections. A model diagramming the affected pathways is presented in Figure 4.

At first, it seemed unclear how cells could become resistant to a drug like 2-DG, which competes with a nutrient as essential as glucose and alters many aspects of cellular metabolism. In principle, resistance could result from a decreased import of 2-DG into cells, a decrease in 2-DG phosphorylation, or a detoxification of 2-DG-6-P. The latter hypothesis was supported by the early discovery of an endogenous phosphatase with activity towards 2-DG-6-P [START_REF] Heredia | Metabolic Studies with 2-Deoxyhexoses. II. Resistance to 2-Deoxyglucose in a Yeast Mutant[END_REF].

2-DG import

In principle, since 2-deoxyglucose enters the cells by glucose transporters, mutation of these transporters should abolish 2-DG toxicity. However, to our knowledge, none of the resistant mutants identified to date are mutated in a glucose transporter. This is likely because S. cerevisiae has an unusually large and redundant set of glucose transporters [START_REF] Lin | Expansion of Hexose Transporter Genes Was Associated with the Evolution of Aerobic Fermentation in Yeasts[END_REF]. Among the family of 20 putative HXT (hexose transporter) genes, 7 are known to participate in glucose uptake, with various affinities and thus acting at various concentrations, and that are differentially regulated. Consequently, it is unlikely that a screen would lead to mutations in all 7 genes known to import glucose. Additionally, more recent screens were performed in the context of using glucose as a carbon source [START_REF] Defenouillėre | The induction of HAD-like phosphatases by multiple signaling pathways confers resistance to the metabolic inhibitor 2-deoxyglucose[END_REF][START_REF] Soncini | Spontaneous mutations that confer resistance to 2-deoxyglucose act through Hxk2 and Snf1 pathways to regulate gene expression and HXT endocytosis[END_REF], and given the structural similarities between glucose and 2-DG, mutation of glucose transporters that would affect 2-DG transport might equally impair glucose transport and thus prevent growth on glucose medium.

However, in yeasts with less redundant transport systems, such as Kluyveromyces lactis, mutants of the low-affinity glucose transporter Rag1 were identified [START_REF] Goffrini | Hexokinase activity is affected in mutants of Kluyveromyces lactis resistant to glucose repression[END_REF], and indeed, deletion of glucose transporters in another strain renders it resistant to 2-DG [START_REF] Betina | RAG4 gene encodes a glucose sensor in Kluyveromyces lactis[END_REF]. Similarly, deletion of the gene encoding the hexose transporter HxtB in the filamentous fungus Aspergillus nidulans causes higher 2-DG tolerance [START_REF] Reis | Identification of Glucose Transporters in Aspergillus nidulans[END_REF].

The kinetic characterization of glucose uptake in several 2-DG resistant mutants sometimes led to the observation that glucose transport is affected in these mutants, however, these could be correlations and may be a consequence of general deregulation of glucose signaling or metabolism caused by the (generally uncharacterized) mutations carried by these strains, and there is sometimes little proof of causality between the decreased glucose uptake and increased 2-DG tolerance. For example, 2-DGresistant mutants of budding yeast and the filamentous fungus Neurospora crassa were shown to lack low-affinity transport systems and instead express the high-affinity counterparts [START_REF] Allen | Deoxyglucoseresistant mutants of Neurospora crassa: isolation, mapping, and biochemical characterization[END_REF][START_REF] Novak | 2-Deoxy-D-glucose resistant yeast with altered sugar transport activity[END_REF], but this would be expected from mutations affecting glucose repression, which provides additional means of resistance (discussed below). Similarly, a 2-DG-resistant mutant of the fission yeast Schizosaccharomyces pombe was defective in glucose transport but upon its genetic characterization, its 2-DG resistance did not segregate with the lack of transport [START_REF] Milbradt | Glucose-transport-deficient mutants of Schizosaccharomyces pombe: phenotype, genetics and use for genetic complementation[END_REF], and additional mutants obtained by mutagenesis display either glucose transport defects or glucose-repression defects but the corresponding genes were not identified [START_REF] Kig | Isolation and Characterization of Glucose Derepressed Invertase Mutants from Schizosaccharomyces pombe[END_REF][START_REF] Mehta | std1, a Gene Involved in Glucose Transport in Schizosaccharomyces pombe[END_REF]. Mutation of components of the SWI/SNF (SWItch/Sucrose Non-Fermentable) chromatin remodeling complex in fission yeast causes resistance to 2-DG, maybe through their action on hexose uptake transport systems [START_REF] Monahan | Fission yeast SWI/SNF and RSC complexes show compositional and functional differences from budding yeast[END_REF]. Altogether, whereas inhibition of 2-DG import should give rise to resistance, it is rather poorly documented in genetic screens.

2-DG phosphorylation

As would be expected from our current knowledge of 2-DG toxicity, in which 2-DG-6-P plays a pivotal role, the isolation of spontaneous 2-DG-resistant budding yeast strains consistently retrieved hexokinase mutants (Table 1) [START_REF] Lobo | Resistance to 2-deoxyglucose in yeast: a direct selection of mutants lacking glucose-phosphorylating enzymes[END_REF][START_REF] Neigeborn | Mutations causing constitutive invertase synthesis in yeast: genetic interactions with snf mutations[END_REF][START_REF] Zimmermann | Mutants of Saccharomyces cerevisiae resistant to carbon catabolite repression[END_REF][START_REF] Ralser | A catabolic block does not sufficiently explain how 2-deoxy-D-glucose inhibits cell growth[END_REF][START_REF] Defenouillėre | The induction of HAD-like phosphatases by multiple signaling pathways confers resistance to the metabolic inhibitor 2-deoxyglucose[END_REF][START_REF] Soncini | Spontaneous mutations that confer resistance to 2-deoxyglucose act through Hxk2 and Snf1 pathways to regulate gene expression and HXT endocytosis[END_REF] and indeed, deletion of the main hexokinase gene HXK2 results in 2-DG resistance [START_REF] Mccartney | Genetic analysis of resistance and sensitivity to 2-deoxyglucose in Saccharomyces cerevisiae[END_REF][START_REF] Ralser | A catabolic block does not sufficiently explain how 2-deoxy-D-glucose inhibits cell growth[END_REF]. This is also the case in many other species, such as in the thermotolerant yeast Kluyveromyces marxianus [START_REF] Suprayogi | A Kluyveromyces marxianus 2-deoxyglucose-resistant mutant with enhanced activity of xylose utilization[END_REF], Kluyveromyces lactis [START_REF] Goffrini | Hexokinase activity is affected in mutants of Kluyveromyces lactis resistant to glucose repression[END_REF], Schizosaccharomyces pombe [START_REF] Megnet | Effect of 2-deoxyglucose on Schizosaccharomyces pombe[END_REF] and others.

Whereas the mechanism by which hexokinase mutations lead to 2-DG resistance seems quite straightforward, it is actually more difficult to understand than anticipated. Indeed, budding yeast contains two genes encoding hexokinases and one encoding a glucokinase. HXK2 is the main hexokinase gene expressed in glucose-grown cells, but the expression of its paralog, HXK1, is increased when HXK2 is absent [START_REF] Apweiler | Yeast glucose pathways converge on the transcriptional regulation of trehalose biosynthesis[END_REF] so that Hxk1 should compensate for the loss of Hxk2 regarding 2-DG phosphorylation.

Previous work showed that the affinity of yeast hexokinase preparations towards 2-DG is in the same range as that for glucose [START_REF] Meredith | Uptake and phosphorylation of 2-deoxy-D-glucose by wild type and respiration-deficient baker's yeast[END_REF][START_REF] Lobo | Physiological role of glucose-phosphorylating enzymes in Saccharomyces cerevisiae[END_REF][START_REF] Sols | Substrate specificity and some other properties of baker's yeast hexokinase[END_REF] and recent work further showed that both hexokinases had a similar activity toward 2-DG in vitro [START_REF] Soncini | Spontaneous mutations that confer resistance to 2-deoxyglucose act through Hxk2 and Snf1 pathways to regulate gene expression and HXT endocytosis[END_REF]. This goes against the idea that 2-DG is not phosphorylated in hxk2∆ cells. Accordingly, the deletion of phosphatases detoxicating 2-DG-6-P (discussed in the next paragraph) in a hxk2∆ mutant partially sensitizes this strain to 2-DG, suggesting that there is (at least) some phosphorylation of 2-DG in this strain and thus that (an)other sugar kinase(s) can perform this function [START_REF] Defenouillėre | The induction of HAD-like phosphatases by multiple signaling pathways confers resistance to the metabolic inhibitor 2-deoxyglucose[END_REF][START_REF] Soncini | Spontaneous mutations that confer resistance to 2-deoxyglucose act through Hxk2 and Snf1 pathways to regulate gene expression and HXT endocytosis[END_REF]. Consequently, it remains unclear how the loss of HXK2, in the context of other enzymes competent for 2-DG phosphorylation, might lead to 2-DG resistance.

However, a difference between Hxk2 and other glucose-phosphorylating enzymes is that Hxk2 has long been known to participate in the glucose-mediated repression of genes [START_REF] Entian | Genetic and biochemical evidence for hexokinase PII as a key enzyme involved in carbon catabolite repression in yeast[END_REF][START_REF] Ma | Effects of null mutations in the hexokinase genes of Saccharomyces cerevisiae on catabolite repression[END_REF], and as such, may contribute to 2-DG detoxification (see paragraph 5.1.4, below). Indeed, in a screen using a genomic library to identify genes restoring glucose repression in a hexokinase-deficient mutant, only plasmids encoding HXK2 were identified, suggesting that other isoforms could not take over this function [START_REF] Fröhlich | Cloning and restriction analysis of the hexokinase PII gene of the yeast Saccharomyces cerevisiae[END_REF]. This led to the hypothesis that Hxk2 carries a signaling function in addition to its enzyme activity [reviewed in 204].

Indeed, a fraction of the Hxk2 pool localizes to the nucleus [START_REF] Herrero | The hexokinase 2 protein participates in regulatory DNA-protein complexes necessary for glucose repression of the SUC2 gene in Saccharomyces cerevisiae[END_REF][START_REF] Randez-Gil | Hexokinase PII has a double cytosolic-nuclear localisation in Saccharomyces cerevisiae[END_REF]. The N-terminus of Hxk2 is required for this localization and the transcriptional regulation of several genes [START_REF] Rodríguez | The hexokinase 2 protein regulates the expression of the GLK1, HXK1 and HXK2 genes of Saccharomyces cerevisiae[END_REF], and is regulated by phosphorylation of a serine residue within this domain [START_REF] Kaps | Protein Kinase Ymr291w/Tda1 Is Essential for Glucose Signaling in Saccharomyces cerevisiae on the Level of Hexokinase Isoenzyme ScHxk2 Phosphorylation*[END_REF]. These analyses have allowed the functional dissection of this enzyme and the generation of separation-of-function alleles [START_REF] Peláez | Functional domains of yeast hexokinase 2[END_REF]. However, using these alleles, recent work suggests that the gene-regulating function of Hxk2 was not involved in 2-DG resistance [START_REF] Mccartney | Genetic analysis of resistance and sensitivity to 2-deoxyglucose in Saccharomyces cerevisiae[END_REF]. Moreover, the analysis of a series of point mutants and truncated proteins had revealed a strong correlation between catalytic activity and activity on glucose repression [START_REF] Entian | Saccharomyces cerevisiae mutants provide evidence of hexokinase PII as a bifunctional enzyme with catalytic and regulatory domains for triggering carbon catabolite repression[END_REF][START_REF] Entian | Genetic evidence for a role of hexokinase isozyme PII in carbon catabolite repression in Saccharomyces cerevisiae[END_REF][START_REF] Fröhlich | Cloning and restriction analysis of the hexokinase PII gene of the yeast Saccharomyces cerevisiae[END_REF][START_REF] Ma | The residual enzymatic phosphorylation activity of hexokinase II mutants is correlated with glucose repression in Saccharomyces cerevisiae[END_REF][START_REF] Rose | Glucose repression in Saccharomyces cerevisiae is directly associated with hexose phosphorylation by hexokinases PI and PII[END_REF][START_REF] Hohmann | Novel alleles of yeast hexokinase PII with distinct effects on catalytic activity and catabolite repression of SUC2[END_REF]. Altogether, it seems that further work will be needed to unambiguously address the mechanism by which the loss of Hxk2 leads to 2-DG resistance.

2-DG-6-P dephosphorylation/detoxification

A third possible mechanism of resistance is through the dephosphorylation of the generated 2-DG-6-P species, which would allow for both the detoxification of the toxic 2-DG-6-P species and the liberation of 2-DG back into the medium. The ability of yeast cells to rapidly phosphorylate 2-DG into 2-DG-6-P after import, and then rapidly dephosphorylate it back to 2-DG was indeed observed in early studies using radioactive-labeled 2-DG [START_REF] Heredia | Metabolic Studies with 2-Deoxyhexoses. II. Resistance to 2-Deoxyglucose in a Yeast Mutant[END_REF][START_REF] Van Steveninck | Transport and transport-associated phosphorylation of 2-deoxy-dglucose in yeast[END_REF][START_REF] Meredith | Uptake and phosphorylation of 2-deoxy-D-glucose by wild type and respiration-deficient baker's yeast[END_REF].

The characterization of this phosphatase activity showed a relative specificity for 2-DG-6-P [START_REF] Martin | Characterization of a phosphatase specific for 2-deoxyglucose-6phosphate in a yeast mutant[END_REF] and several 2-DG-resistant mutants exhibited an increase in this 2-DG-6-P phosphatase activity, which could detoxify the cells of this metabolite and dampen its negative effects on cellular physiology [START_REF] Heredia | Metabolic Studies with 2-Deoxyhexoses. II. Resistance to 2-Deoxyglucose in a Yeast Mutant[END_REF][START_REF] Martin | Characterization of a phosphatase specific for 2-deoxyglucose-6phosphate in a yeast mutant[END_REF]. Later, by screening a genomic library and identifying genes whose overexpression allows 2-DG resistance, two 2-DG-6-P phosphatases were subsequently cloned and named DOG1 and DOG2 [START_REF] Randez-Gil | DOGR1 and DOGR2: two genes from Saccharomyces cerevisiae that confer 2-deoxyglucose resistance when overexpressed[END_REF][START_REF] Sanz | Molecular characterization of a gene that confers 2deoxyglucose resistance in yeast[END_REF].

These belong to a superfamily of phosphohydrolases named haloacid dehalogenase (HAD)-like phosphatases that are encountered in all living organisms and perform a wide range of functions, some being very specific to a single substrate and others being more promiscuous [START_REF] Kuznetsova | Functional Diversity of Haloacid Dehalogenase Superfamily Phosphatases from Saccharomyces cerevisiae: BIOCHEMICAL, STRUCTURAL, AND EVOLUTIONARY INSIGHTS[END_REF]. Since there is no evidence that 2-DG exists in nature, there is probably an endogenous substrate for these enzymes, but so far, the physiological functions of these 2-DG-6-P phosphatases are unknown. Dog1 and Dog2 preferentially hydrolyze phosphorylated carbohydrates, and their affinities towards various substrates have been documented [START_REF] Kuznetsova | Functional Diversity of Haloacid Dehalogenase Superfamily Phosphatases from Saccharomyces cerevisiae: BIOCHEMICAL, STRUCTURAL, AND EVOLUTIONARY INSIGHTS[END_REF]. However, it remains difficult to firmly conclude on their physiological functions based on these in vitro data, since post-translational modifications, protein compartmentation or expression levels might modulate their function. For instance, Dog1 has a higher activity on 2-DG-6-P than Dog2 [START_REF] Kuznetsova | Functional Diversity of Haloacid Dehalogenase Superfamily Phosphatases from Saccharomyces cerevisiae: BIOCHEMICAL, STRUCTURAL, AND EVOLUTIONARY INSIGHTS[END_REF], but yeast lacking DOG1 are less sensitive to 2-DG than those lacking DOG2, presumably because Dog2 is much more expressed that Dog1 [START_REF] Defenouillėre | The induction of HAD-like phosphatases by multiple signaling pathways confers resistance to the metabolic inhibitor 2-deoxyglucose[END_REF]. However, an analysis of the proteomic response of yeast to 2-DG revealed that they are induced upon 2-DG treatment, specifically through UPR signaling and the cell-wall integrity MAPK cascade [START_REF] Defenouillėre | The induction of HAD-like phosphatases by multiple signaling pathways confers resistance to the metabolic inhibitor 2-deoxyglucose[END_REF]. Moreover, Dog2 was found to be glucose-repressed, which likely contributes to the resistance of de-repressed mutants as discussed in the next paragraph.

Metabolomics studies of a yeast strain lacking DOG1 and DOG2 may help identify their endogenous substrates.

Intriguingly, Dog1/Dog2 overexpression should only prevent 2-DG-6-P accumulation, and presumably not increase the ATP levels (since ATP is still consumed for the futile phosphorylation of 2-DG, counteracted by the DOG enzymes). So, the fact that the simple overexpression of Dog1/Dog2 can override the growth inhibitory effect of 2-DG suggests that cells can accommodate the energy cost of 2-DG phosphorylation (and the expected drop in ATP), provided that 2-DG-6-P does not accumulate and inhibit glycolysis, glycosylation, or maybe alter phosphate pools.

Snf1/AMPK-dependent resistance mechanisms

As previously mentioned when discussing the resistance mechanism at stake in hxk2 (hexokinase) mutants (part 5.1.2), a recurrent mechanism allowing 2-DG resistance is the loss of the glucose-repression pathway (Table 1). This explains why the isolation of 2-DG-resistant mutants was such a successful strategy to isolate strains with constitutive expression of normally glucose-repressed enzymes (see part

1.2).
Glucose derepression is positively regulated by yeast AMPK Snf1 such that mutants carrying a constitutively active Snf1 kinase have limited glucose repression and are strongly resistant to 2-DG. This is the case of mutants of the PP1 phosphatase (Glc7/Reg1), which negatively regulates Snf1. As a matter of fact, reg1 and glc7 mutants were found in the early-characterized 2-DG resistant mutants [START_REF] Zimmermann | Mutants of Saccharomyces cerevisiae resistant to carbon catabolite repression[END_REF][START_REF] Neigeborn | Mutations causing constitutive invertase synthesis in yeast: genetic interactions with snf mutations[END_REF] and were found since then in other screens [START_REF] Mccartney | Genetic analysis of resistance and sensitivity to 2-deoxyglucose in Saccharomyces cerevisiae[END_REF][START_REF] Ralser | A catabolic block does not sufficiently explain how 2-deoxy-D-glucose inhibits cell growth[END_REF][START_REF] Defenouillėre | The induction of HAD-like phosphatases by multiple signaling pathways confers resistance to the metabolic inhibitor 2-deoxyglucose[END_REF][START_REF] Soncini | Spontaneous mutations that confer resistance to 2-deoxyglucose act through Hxk2 and Snf1 pathways to regulate gene expression and HXT endocytosis[END_REF][START_REF] Schuller | Extragenic suppressors of yeast glucose derepression mutants leading to constitutive synthesis of several glucose-repressible enzymes[END_REF]. These mutations, impacting on PP1 activity, lead to higher Snf1 kinase activity, and indeed, the 2-DG resistance depends on Snf1 integrity and its phosphorylation on the activation loop [START_REF] Mccartney | Genetic analysis of resistance and sensitivity to 2-deoxyglucose in Saccharomyces cerevisiae[END_REF][START_REF] Soncini | Spontaneous mutations that confer resistance to 2-deoxyglucose act through Hxk2 and Snf1 pathways to regulate gene expression and HXT endocytosis[END_REF]. Moreover, this is also the case of mutations in HXK2, as discussed previously (see part 5.1.2), as well as of gain-of-function mutations of SNF1 (Snf1-L183I, Snf1-G53R) [START_REF] Mccartney | Genetic analysis of resistance and sensitivity to 2-deoxyglucose in Saccharomyces cerevisiae[END_REF][START_REF] Soncini | Spontaneous mutations that confer resistance to 2-deoxyglucose act through Hxk2 and Snf1 pathways to regulate gene expression and HXT endocytosis[END_REF][START_REF] Celenza | Mutational analysis of the Saccharomyces cerevisiae SNF1 protein kinase and evidence for functional interaction with the SNF4 protein[END_REF]. Even though all of these data are fully consistent with the role of Snf1 in promoting 2-DG resistance, it is not fully clear how this is achieved.

One proposed mechanism is that by lifting the inhibition of glucose-repressed genes, the resistance gene DOG2 is overexpressed, contributing to the observed resistance. In agreement with this, other glucose-repressed mutants such as mig1∆mig2∆ and cyc8 are resistant to 2-DG and involved in glucose repression [START_REF] Neigeborn | Mutations causing constitutive invertase synthesis in yeast: genetic interactions with snf mutations[END_REF][START_REF] Defenouillėre | The induction of HAD-like phosphatases by multiple signaling pathways confers resistance to the metabolic inhibitor 2-deoxyglucose[END_REF][START_REF] Schuller | Extragenic suppressors of yeast glucose derepression mutants leading to constitutive synthesis of several glucose-repressible enzymes[END_REF]]. Yet, deleting DOG2 (and its paralogue DOG1) in strains with hyperactive Snf1, such as reg1∆, does not make them as sensitive as a WT strain [START_REF] Defenouillėre | The induction of HAD-like phosphatases by multiple signaling pathways confers resistance to the metabolic inhibitor 2-deoxyglucose[END_REF][START_REF] Soncini | Spontaneous mutations that confer resistance to 2-deoxyglucose act through Hxk2 and Snf1 pathways to regulate gene expression and HXT endocytosis[END_REF], suggesting additional roles of Snf1 in 2-DG resistance. This is supported by the fact that an isolated point mutation in REG1 (reg1-P231L) causing 2-DG resistance has no impact on the glucose-mediated repression of genes [START_REF] Soncini | Spontaneous mutations that confer resistance to 2-deoxyglucose act through Hxk2 and Snf1 pathways to regulate gene expression and HXT endocytosis[END_REF] and therefore is not expected to lead to an increase in DOG2 expression.

A second Snf1-dependent mechanism relates to the effect that 2-DG exerts on nutrient transporter homeostasis. Indeed, cells are very sensitive to changes in nutrient sources and concentration and have evolved mechanisms so that the nutrient transporter repertoire at the plasma membrane matches the available nutrients at any given time [START_REF] Haguenauer-Tsapis | Membrane trafficking of yeast transporters: mechanisms and physiological control of downregulation[END_REF]. This is particularly true in response to carbon sources perturbations, and Snf1/AMPK acts as a master regulator of transporter endocytosis events triggered by perturbation of glucose metabolism [START_REF] Becuwe | A molecular switch on an arrestin-like protein relays glucose signaling to transporter endocytosis[END_REF][START_REF] Hovsepian | Multilevel regulation of an alpha-arrestin by glucose depletion controls hexose transporter endocytosis[END_REF][START_REF] Llopis-Torregrosa | Regulation of the Yeast Hxt6 Hexose Transporter by the Rod1 alpha-Arrestin, the Snf1 Protein Kinase, and the Bmh2 14-3-3 Protein[END_REF][START_REF] O'donnell | AMPK-Mediated Regulation of Alpha-Arrestins and Protein Trafficking[END_REF]. Particularly, 2-DG treatment was shown to induce the endocytosis of two low-affinity glucose transporters, Hxt1 and Hxt3 [START_REF] O'donnell | 2-Deoxyglucose impairs Saccharomyces cerevisiae growth by stimulating Snf1regulated and alpha-arrestin-mediated trafficking of hexose transporters 1 and 3[END_REF]. This process requires two proteins of the alpha-arrestin family, Rod1 and Rog3, that are themselves regulated by Glc7/Reg1 and Snf1 [START_REF] Becuwe | A molecular switch on an arrestin-like protein relays glucose signaling to transporter endocytosis[END_REF][START_REF] Llopis-Torregrosa | Regulation of the Yeast Hxt6 Hexose Transporter by the Rod1 alpha-Arrestin, the Snf1 Protein Kinase, and the Bmh2 14-3-3 Protein[END_REF][START_REF] O'donnell | 2-Deoxyglucose impairs Saccharomyces cerevisiae growth by stimulating Snf1regulated and alpha-arrestin-mediated trafficking of hexose transporters 1 and 3[END_REF][START_REF] Shinoda | Rod1, an arrestin-related protein, is phosphorylated by Snf1kinase in Saccharomyces cerevisiae[END_REF]]. An interesting parallel can be made between the regulation of the arrestin-related protein TXNIP in mammalian cells, which is a substrate of AMPK (particularly upon 2-DG treatment, but also during glucose starvation) and regulates the endocytosis of the glucose transporter Glut1 [START_REF] Wu | AMPK-dependent degradation of TXNIP upon energy stress leads to enhanced glucose uptake via GLUT1[END_REF]. Intriguingly, the arrestin mutant rod1∆ is somewhat resistant to 2-DG [START_REF] Mccartney | Genetic analysis of resistance and sensitivity to 2-deoxyglucose in Saccharomyces cerevisiae[END_REF][START_REF] Ralser | A catabolic block does not sufficiently explain how 2-deoxy-D-glucose inhibits cell growth[END_REF] and the additional deletion of its paralog, ROG3, further increases this phenotype [START_REF] O'donnell | 2-Deoxyglucose impairs Saccharomyces cerevisiae growth by stimulating Snf1regulated and alpha-arrestin-mediated trafficking of hexose transporters 1 and 3[END_REF]. Point mutations aimed at abolishing their function in endocytosis also led to increased resistance to 2-DG [START_REF] O'donnell | 2-Deoxyglucose impairs Saccharomyces cerevisiae growth by stimulating Snf1regulated and alpha-arrestin-mediated trafficking of hexose transporters 1 and 3[END_REF] suggesting that both proteins mediate 2-DG toxicity through their function in endocytosis. Moreover, overexpression of the Hxt1 and Hxt3 transporters restore snf1∆ resistance to 2-DG, highlighting the links between glucose transporter homeostasis and 2-DG resistance [START_REF] O'donnell | 2-Deoxyglucose impairs Saccharomyces cerevisiae growth by stimulating Snf1regulated and alpha-arrestin-mediated trafficking of hexose transporters 1 and 3[END_REF]. It was proposed that 2-DG toxicity is mediated through increased endocytosis and degradation of transporters that would lead to glucose deprivation, and that the loss of both arrestins would suppress this effect by stabilizing transporters at the cell surface.

However, this strategy appears only valid in the context of the snf1∆ mutant, since an increased Hxt1/Hxt3 expression does not confer 2-DG resistance in WT cells [START_REF] O'donnell | 2-Deoxyglucose impairs Saccharomyces cerevisiae growth by stimulating Snf1regulated and alpha-arrestin-mediated trafficking of hexose transporters 1 and 3[END_REF]. Altogether, it seems that our understanding of how Snf1/AMPK contributes to 2-DG resistance is currently only partial and merits further investigation.

Other glucose-repression-dependent and -independent mechanisms

In addition to the abovementioned mutations in Hxk2 (hexokinase) and Reg1/Glc7 (PP1), early screens also identified mutations in the GRR1 gene (Glucose-Repression Resistant) as causing 2-DG resistance (Table 1) [START_REF] Zimmermann | Mutants of Saccharomyces cerevisiae resistant to carbon catabolite repression[END_REF][START_REF] Bailey | Isolation and characterization of a pleiotropic glucose repression resistant mutant of Saccharomyces cerevisiae[END_REF][START_REF] Schuller | Extragenic suppressors of yeast glucose derepression mutants leading to constitutive synthesis of several glucose-repressible enzymes[END_REF]. The isolated grr1 mutants are defective in the repression of several enzymes by glucose [START_REF] Bailey | Isolation and characterization of a pleiotropic glucose repression resistant mutant of Saccharomyces cerevisiae[END_REF][START_REF] Entian | Glycolytic enzymes and intermediates in carbon catabolite repression mutants of Saccharomyces cerevisiae[END_REF] and thus it was expected that Grr1 is another actor of the glucose repression pathway. Yet, the resistance mechanism caused by this mutation, although it may be partially overlapping with that observed in other glucose-repression mutants, appears slightly different. In particular, the grr1∆ mutant exhibited significant resistance only on sucrose medium [START_REF] Mccartney | Genetic analysis of resistance and sensitivity to 2-deoxyglucose in Saccharomyces cerevisiae[END_REF] whereas the other glucose-repression mutants discussed up to now are also resistant to 2-DG when cells are grown on glucose medium. This difference might be explained by the fact that depending on the medium or the genetic alterations, yeast are facing different physiologies, with a different pattern of expression of hexose transporters at the membrane with various affinities and/or a different hexokinase isoform expressed, and as in the case of mammalian cells [START_REF] Maher | Greater cell cycle inhibition and cytotoxicity induced by 2-deoxy-d-glucose in tumor cells treated under hypoxic vs aerobic conditions[END_REF][START_REF] Liu | Hypersensitization of tumor cells to glycolytic inhibitors[END_REF], they might be differentially susceptible to the inhibitory effects of 2-DG.

We know now that Grr1 is an F-box containing subunit of a ubiquitin ligase complex that regulates glucose transporter genes by triggering the proteasomal degradation of a transcriptional repressor, Mth1 [START_REF] Flick | Grr1-dependent inactivation of Mth1 mediates glucose-induced dissociation of Rgt1 from HXT gene promoters[END_REF][START_REF] Spielewoy | Regulation and recognition of SCFGrr1 targets in the glucose and amino acid signaling pathways[END_REF]. However, Grr1 also plays other important roles in the glycolytic/gluconeogenic switch, as well as the response to extracellular amino acids, and even cell cycle and meiosis, indicating that Grr1 links cell cycle progression to nutrient availability [START_REF] Willems | A hitchhiker's guide to the cullin ubiquitin ligases: SCF and its kin[END_REF][START_REF] Benanti | A proteomic screen reveals SCFGrr1 targets that regulate the glycolytic-gluconeogenic switch[END_REF]. Because all of these attributed functions, how the mutation of GRR1 confers resistance to 2-DG remains unclear.

Several other mutants were identified as resistant to 2-DG with no obvious relationships to the glucose-repression pathway [START_REF] Ralser | A catabolic block does not sufficiently explain how 2-deoxy-D-glucose inhibits cell growth[END_REF] but not all of them have been confirmed [START_REF] Mccartney | Genetic analysis of resistance and sensitivity to 2-deoxyglucose in Saccharomyces cerevisiae[END_REF]. This might be due to the appearance of additional mutations in the course of the experiments since spontaneous mutations causing 2-DG resistance are easily obtained [START_REF] Heredia | Saccharomyces cerevisiae acquires resistance to 2deoxyglucose at a very high frequency[END_REF]. However, the deletion of LSM6, which encodes a member of a cytoplasmic complex involved in mRNA decay, does confer 2-DG resistance [START_REF] Mccartney | Genetic analysis of resistance and sensitivity to 2-deoxyglucose in Saccharomyces cerevisiae[END_REF][START_REF] Ralser | A catabolic block does not sufficiently explain how 2-deoxy-D-glucose inhibits cell growth[END_REF], although it is surprising that the screen did not uncover other mutants of this complex [START_REF] Ralser | A catabolic block does not sufficiently explain how 2-deoxy-D-glucose inhibits cell growth[END_REF]. The 2-DG resistance observed in the lsm6∆ mutant depends on the integrity of Snf1/AMPK, but whether this is linked to the known effect of Snf1 in the regulation of mRNA stability by glucose availability [START_REF] Braun | Phosphoproteomic analysis identifies proteins involved in transcription-coupled mRNA decay as targets of Snf1 signaling[END_REF] remains to be established.

Other resistance strategies may include the bypass of limiting metabolic reactions, the characterization of which may inform us of the cellular toxicity of 2-DG. For example, overexpression of a phosphorylating (NADP + -dependent) glyceraldehyde-3-phosphate dehydrogenase from the yeast Kluyveromyces lactis named Gdp1 rendered S. cerevisiae resistant to 2-DG, suggesting that the NADPH pool, or more globally an altered cellular redox state participates in 2-DG toxicity [START_REF] Ralser | A catabolic block does not sufficiently explain how 2-deoxy-D-glucose inhibits cell growth[END_REF].

Within the currently described mechanisms of 2DG resistance, no mutation has ever been isolated in pathways known to be inhibited by 2DG treatment (eg. glycosylation or cell wall synthesis). This may indicate that mutations in only one of the multiple pathways targeted by 2DG may not be sufficient to attain global resistance, as opposed to other mutations which act more systemically such as those leading to the overexpression of a 2DG6P phosphatase. It is also likely that novel resistance mechanisms remain to be discovered.

Altogether, despite decades of research, it seems that we still do not have a full understanding of the mechanisms allowing 2-DG resistance. The ease of yeast genetic manipulations coupled to advances in whole-genome sequencing techniques and their affordability have already been fruitful at identifying mutations conferring 2-DG resistance [START_REF] Defenouillėre | The induction of HAD-like phosphatases by multiple signaling pathways confers resistance to the metabolic inhibitor 2-deoxyglucose[END_REF][START_REF] Soncini | Spontaneous mutations that confer resistance to 2-deoxyglucose act through Hxk2 and Snf1 pathways to regulate gene expression and HXT endocytosis[END_REF] which will probably be an asset for the isolation and characterization of additional mechanisms.

2-DG resistance in mammalian cells

Compared to our knowledge in yeast, and in sharp contrast with the numerous studies using 2-DG in mammalian cells, very little is known about the resistance mechanism to 2-DG.

In a landmark study from 1962, S. Barban obtained a 2-DG-resistant HeLa cell line after prolonged incubation (2-3 weeks) in 2-DG-containing medium followed by further selection at higher 2-DG concentrations, resulting in a cell line able to grow in presence of a 10-fold excess of 2-DG over glucose [START_REF] Barban | Studies on the mechanism of resistance to 2-deoxy-D-glucose in mammalian cell cultures[END_REF]. These cells showed an increased dependence on pyruvate for growth and grew at about half the rate of the original, 2-DG-sensitive cell line. This is consistent with a decreased level of glycolysis and increased contribution of respiration. Accordingly, the resistant cells displayed lower incorporation of 2-DG, a lower hexokinase activity towards 2-DG but also other sugars, and a lower accumulation of 2-DG-6-P which reached a plateau within 30 min treatment [START_REF] Barban | Studies on the mechanism of resistance to 2-deoxy-D-glucose in mammalian cell cultures[END_REF]. However, Barban also made the surprising observation that an extract of 2-DG-resistant cells inhibited the hexokinase activity of an extract prepared from the original cell line. This "inhibitor" of hexokinase activity, which also acted on purified yeast hexokinase, was found to be heat-labile and non-dialyzable, arguing in favor of a large macromolecule, possibly a protein. The 2-DG-resistant cells also exhibited a higher phosphatase activity, with an alkaline pH optimum, which reacted on various phosphorylated sugars, especially on 2-DG-6-P. Whereas the main hypothesis proposed at the time was that 2-DG resistance in this cell line was due to a decreased transport and phosphorylation of 2-DG, the possibility that the observed phosphatase might counteract and detoxify 2-DG-6-P was also considered. Based on previous work showing that prednisolone, a synthetic corticosteroid, induces an alkaline phosphatase activity in cell cultures, Barban investigated the effect of this drug on 2-DG resistance and indeed demonstrated that prednisolone treatment results in 2-DG resistance of HeLa cells [START_REF] Barban | Induced resistance to 2-deoxy-d-glucose in cell cultures[END_REF]. Finally, 2-DG resistance also correlated with an alkaline phosphatase activity in various cell lines or conditions [START_REF] Barban | Differential action of hormones on induced resistance to 2-deoxy-d-glucose in mammalian cell cultures[END_REF][START_REF] Morrow | The correlation of resistance to 2-deoxyglucose with alkaline phosphatase levels in a human cell line[END_REF]. Altogether, it seems that as previously mentioned in the yeast S. cerevisiae, detoxification of 2-DG-6-P by dephosphorylation is likely to be an important part of 2-DG resistance. However, the phosphatase was never identified in these studies. More recently, it was shown that a human HAD-like phosphatase with sequence similarities to yeast Dog1/Dog2, named HDHD1 (Haloacid Dehalogenase-like Hydrolase Domain containing protein 1), also confers resistance to 2-DG when overexpressed in HeLa cells [START_REF] Defenouillėre | The induction of HAD-like phosphatases by multiple signaling pathways confers resistance to the metabolic inhibitor 2-deoxyglucose[END_REF]. HDHD1 belongs to the beta-phosphoglucomutase (BPGM)-like family of HAD hydrolases, like the yeast Dog1/Dog2 and the E. coli enzyme YniC [which can also dephosphorylate 2-DG-6-P, 71,240]. HDHD1 had previously been described as a pseudouridine-5'phosphatase [START_REF] Preumont | Van Schaftingen, HDHD1, which is often deleted in X-linked ichthyosis, encodes a pseudouridine-5'-phosphatase[END_REF], but as mentioned previously, most of the enzymes of this family can act with a low catalytic efficiency on a variety of phosphate esters, as shown with the yeast and bacterial enzymes [START_REF] Kuznetsova | Functional Diversity of Haloacid Dehalogenase Superfamily Phosphatases from Saccharomyces cerevisiae: BIOCHEMICAL, STRUCTURAL, AND EVOLUTIONARY INSIGHTS[END_REF][START_REF] Kuznetsova | Genome-wide analysis of substrate specificities of the Escherichia coli haloacid dehalogenase-like phosphatase family[END_REF]. Whether HDHD1 upregulation is responsible for the spontaneous resistance observed in earlier studies remains to be determined.

Another study used pig kidney cells that were made resistant to 2-DG upon serial cultivation in the presence of the inhibitor [START_REF] Bailey | Patterns of resistance to 2-deoxy-D-glucose in pig kidney cells[END_REF]. Interestingly, the results indicate a different mechanism to achieve 2-DG resistance, since no increased phosphatase activity was observed, despite a decrease in the accumulated 2-DG-6-P in resistant cells. The 2-DG resistant cells were able to grow at a higher rate than sensitive cells when cultivated at low glucose concentrations, suggestive of a metabolic alteration in this cell line that may facilitate adaptation to these conditions and explain their ability to tolerate 2-DG.

Therefore, it is likely that several and distinct resistance mechanisms also exist in mammalian cells.

Moreover, there are several described contexts in which 2-DG toxicity can be attenuated. As alluded to earlier in this review, oxygenated cells have a decreased dependency on glycolysis and are therefore less susceptible to 2-DG [START_REF] Maher | Greater cell cycle inhibition and cytotoxicity induced by 2-deoxy-d-glucose in tumor cells treated under hypoxic vs aerobic conditions[END_REF]. Additionally, it has been shown that even in hypoxic conditions, which should potentiate 2-DG toxicity, a HIF-1 (Hypoxia-Induced Factor 1)-dependent increase in glycolytic enzymes (including hexokinase) may interfere with 2-DG toxicity [START_REF] Maher | Hypoxia-inducible factor-1 confers resistance to the glycolytic inhibitor 2-deoxy-D-glucose[END_REF]. Also, and as previously discussed, the fact that 2-DG activates pro-survival pathways in several cancer cell lines [START_REF] Zhong | The Glycolytic Inhibitor 2-Deoxyglucose Activates Multiple Prosurvival Pathways through IGF1R[END_REF] could also provide a way to survive to toxic 2-DG concentrations.

The study of the 2-DG resistance mechanisms will be important to further investigate in the context of using this drug for cancer treatment, but also because detoxification mechanisms such as the one based on 2-DG-6-P dephosphorylation and efflux may alter 18 FDG accumulation in tumors and consequently, cancer imaging.

Concluding remarks and perspectives

In this review, we summarized decades of research on the cellular effects of 2-DG, its potential use in a medical setting, and the potential resistance mechanisms to this drug. Whereas it is usually recognized that early studies focusing on 2-DG were motivated by its effect on cancer cell growth in vitro, we also highlighted a large body of work performed in other model organisms, particularly in baker's yeast, aimed at better understanding and controlling biotechnology-oriented processes such as fermentation. All of these studies contributed to a better understanding of the mechanism of action of 2-DG. They also revealed the complexity of this drug which, by mimicking glucose but also mannose, alters not only glycolysis but also many other processes such as glycosylation, causing both energy depletion and cellular stress. Efforts should be pursued in order to obtain a complete picture of the effects of 2DG on cellular metabolism and signaling.

Despite the specific targeting of 2-DG to highly glycolytic cells, its relative toxicity has made it a poor candidate for cancer treatment as a single agent. However, the fact that 2-DG toxicity depends on the physiological setting of the cells (normal or cancer cells, oxygenated or hypoxic, nature of the competing carbon source) provided new opportunities to target specific cell subpopulations in the context of combined therapies. Particularly, many synergies between 2-DG and other anti-cancer agents have been described and represent exciting avenues that should be further investigated. The precise profiling of the effects of 2DG on metabolism by global approaches could also help determine the susceptibility of specific tumors or specific cancer cell subpopulations within a tumor [START_REF] Olivares | Research into cancer metabolomics: Towards a clinical metamorphosis[END_REF]. Other 2DG-derived inhibitors are being studied and may provide additional opportunities. Finally, the resistance of various cell types to 2DG have been observed but the strategies are poorly understood. Work in yeast has started to unravel these mechanisms and this is currently an active area of research, which should be pursued in human cells, for example by integration of genomic, proteomic, and metabolomic data on resistant cells. This will be useful for the further application of this remarkable sugar analog for cancer treatment. 
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 2 DG, by affecting hexose metabolism, inhibits cell growth by multiple mechanisms, and work over the last 60 years delineated its various impacts on cellular physiology, although additional aspects likely remain to be discovered. Particularly, 2-DG has different effects depending on the metabolic context, and seminal work from the Lampidis lab demonstrated that 2-DG has various toxicity mechanisms
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 1 Figure 1. Molecular structures of the sugars discussed in this review. The side chains of the C2 are indicated in red, showing the similarities between 2-deoxyglucose and mannose (circled) and the differences between 2-fluorodeoxyglucose and 2-deoxyglucose.
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 2 Figure 2. Metabolism of 2-deoxyglucose in the early steps of glycolysis and pentose phosphate pathway, and described inhibitory effects.

Figure 3 .

 3 Figure 3. Examples of cellular and metabolic effects of 2DG and resistance mechanisms as determined in various model organisms, cells lines or animal models. Note that in cancer cells, the relative effect of 2DG on glycolysis or glycosylation inhibition can be modulated depending on whether cells are in normoxia or hypoxia. See text for details.
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 4 Figure 4. Overview of the identified mutations causing 2DG resistance in yeast place in the context of in the glucose sensing and signaling pathways. See text for details.
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