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INTRODUCTION
There has been a noticeable surge of interest in cancer-cell metabolism. In order to support their specific metabolic needs and rapid proliferation, cancer cells not only enhance the rates of normal metabolic pathways but also short-circuit and/or substantially modify other metabolic pathways (Ganapathy-Kanniappan, 2018; Kubicka et al., 2021; Vaupel and Multhoff, 2021; Pavlova et al., 2022). These changes are carried out through induction or suppression of specific enzymes and also through mutations in particular enzymes. As a result, terms such as Warburg effect, aerobic glycolysis, glutamine addiction, glutaminolysis, reductive carboxylation, oncometabolites, methionine-serine-one-carbon pathway, and ferroptosis have become routine in the vocabulary related to cancer biology. The relatively recent identification of cell-surface G-protein-coupled receptors for metabolites such as lactate and the ketone body β-hydroxybutyrate also tie into cancer-cell metabolism (Ristic et al., 2017; Brown and Ganapathy, 2020). These new developments in the cancer field are likely to result in identification of novel, hitherto unrecognized, drug targets for cancer treatment. Surprisingly however, as exciting as these new discoveries are in cancer-cell metabolism, the fact that enhanced entry of selective nutrients and metabolites into cancer cells is the first upstream event in driving these metabolic pathways has not received its due recognition and attention. This was the impetus for the Special Issue in Frontiers in Cell and Developmental Biology to focus on metabolite and nutrient transporters in cancer-cell metabolism.
Contributions to the Research Topic
The key metabolites/nutrients that are central to the above-mentioned cancer-cell-specific metabolic pathways are glucose, amino acids, fatty acids, lactate, citrate, cholesterol, carnitine, and iron. Metabolism of glucose in cancer cells is related to Warburg effect, aerobic glycolysis, endogenous synthesis of serine for the one-carbon pathway, and provision of the starting substrate (glucose-6-phosphate) for the pentose-phosphate pathway. The article by Shin and Koo focuses on the role of the facilitative glucose transporter GLUT1 (SLC2A1) in breast cancer how this transporter and glycolysis-associated enzymes are upregulated in cancer cells, and how the resultant enhanced glucose delivery into cells feeds into specific pathways to generate lactate, serine, and NADPH. When the rate of glycolysis is enhanced in cancer cells, the intermediates in the pathway are present at higher than normal levels. The first intermediate is glucose-6-phosphate that can be siphoned off into the pentose-phosphate pathway to generate NADPH, a critical component of the anti-oxidant machinery essential for cancer-cell survival. 3-Phosphoglycerate, another intermediate, is used to synthesize serine, the major carbon source for the one-carbon metabolism that is essential for purine/pyrimidine synthesis, methionine-homocysteine cycle, and maintenance of epigenetic landscape. Recent studies have however shown that the increased glucose entry into cancer cells might not be solely due to the upregulation of GLUTs; Na+-coupled glucose transporters SGLT1 and SGLT2 are also expressed at increased levels in certain cancers and aid in the successful use of PET scan-dependent diagnosis of cancers (Sala-Rabanal et al., 2016). The review by Nałęcz is related to the amino acid transporter SLC6A14, which is upregulated in several cancers such as pancreatic cancer, breast cancer, colon cancer, and ER-positive breast cancer (Sniegowski et al., 2021). This transporter is broad-specific with ability to transport 18 of the 20 proteinogenic amino acids coupled to multiple driving forces (Sikder et al., 2017). This article details the trafficking pathway for the newly synthesized SLC6A14 protein across the Golgi and the relevance of cancer-related signaling pathways to the increased cell-surface expression of the transporter in cancer cells. The article by Nunes et al. is on cysteine. Generally, this amino acid is discussed in the cancer field primarily in relation to its role in glutathione synthesis and the resultant protection against oxidative stress and ferroptosis (Koppula et al., 2021). But, Nunes et al. focus on the role of cysteine as an energy substrate for cancer cells. In this article, they outline not only the transport pathway for acquisition of extracellular cystine via the transporter xCT (SLC7A11) as a source of cellular cysteine but also the endogenous synthetic pathway via cystathionine.
Fatty acids are energy-rich nutrients with the highest caloric value among the major nutrients. Normoxic cancer cells with capacity for oxidative metabolism use fatty acids via mitochondrial fatty acid oxidation to generate energy. This is the topic for the article by Console et al. The delivery of fatty acids from the cytoplasm into mitochondria across the inner mitochondrial membrane is obligatorily dependent on the metabolite/nutrient carnitine. The review by Console et al details the various transporters for carnitine in terms of their expression and function in cancer cells.
Most cancer cells function as if they are under hypoxic conditions even when they are not. Hypoxic environment is common for cancer cells that grow far away from blood vessels. But, even in those cells that are present close to blood vessels, metabolites such as lactate, succinate, and fumarate stabilize the hypoxia-inducible factor-1α by inhibiting prolyl hydroxylases to facilitate hypoxic metabolism. The result is the generation of lactate as the end product of glycolysis and the process is called aerobic glycolysis. The article by Sun et al. describes the monocarboxylate transporters MCT1 (SLC16A1) and MCT4 (SLC16A3) in the handling of lactate in cancer cells. Interestingly, even though it is easy to explain Warburg hypothesis by assuming all cancer cells behave as if they are in a hypoxic environment, it has become clear that cancer cells in solid tumors are heterogeneous, some clearly in hypoxic mode, but others in normoxic mode with ability for oxidative metabolism. This highlights the differential roles of MCT1 versus MCT4 in the handling of lactate. MCT4 seems to play a major role in the release of lactate from hypoxic cancer cells whereas MCT1 facilitates the uptake of lactate into oxidative cancer cells, thus providing a metabolic link and crosstalk between cancer cells in different microenvironment. This crosstalk might also extend to cancer-associated stromal cells.
Citrate is at the intersection of multiple biochemical pathways. It is a carbon source for endogenous synthesis of fatty acids and cholesterol, both occurring in the cytoplasm, and also a substrate for the Kreb’s cycle to generate ATP within the mitochondria. The article by Haferkamp et al. highlights the function of two different transporters for citrate, NaCT/SLC13A5 and pmCiC (an isoform of SLC25A1), both functioning in the plasma membrane, and their relevance to cancer. NaCT/SLC13A5 mediates the uptake of citrate from extracellular milieu into cancer cells (Jaramillo-Martinez et al., 2021) whereas pmCiC secretes citrate into the extracellular milieu from cancer-associated stromal cells (Drexler et al., 2021) but changes to a citrate importer in many cancer cell types (Mycielska et al., 2018), again underlining the metabolic crosstalk between different types of cells in solid tumors. Coleman and Parlo focus on cholesterol as an important metabolite for cancer-cell proliferation and describe the metabolic pathways for its endogenous synthesis using citrate as the carbon source. They also highlight the synthesis of citrate from glutamine via the cancer cell-specific pathway known as reductive carboxylation within mitochondria in which the reaction catalyzed by isocitrate dehydrogenase (isocitrate → α-ketoglutarate) is facilitated in the reverse direction in cancer cells by IDH2, an isoform of the enzyme that uses NADP+/NADPH instead of NAD+/NADH as the coenzyme.
Since cancer cells generate lactic acid and CO2 (i.e., H2CO3) in large quantities in metabolism, the cells have to find ways to eliminate the acid load and maintain intracellular pH. This is the topic of the review by Venkateswaran and Dedhar, primarily focusing on the CAIX isoform of carbonic anhydrase, a membrane-bound protein with its catalytic site located externally. This enzyme catalyzes the following reaction: CO2 + H2O → H2CO3 → H+ + HCO3−. The Na+/bicarbonate transporter NBCn1 (SLC4A7) then transports HCO3− into cells, leaving H+ outside. CAIX and NBCn1 form a complex to carry out these functions efficiently.
We have seen in recent years an explosion of structural studies on membrane transport proteins aided by x-ray crystallography and cryogenic-electron microscopy. Many of these transporters are closely related to cancer-cell metabolism. Examples include SLC7A5, SLC1A5, SLC6A14, and SLC7A11. The article by Carusela and Rubi provides insights into the computational modeling of the structures of membrane transporters belonging to the ABC (ATP-Binding Cassette) family and the SLC (SoLute Carrier) family. With the ABC transporters, the authors highlight the structural changes that follow in connection with ATP hydrolysis. With SLC transporters, the focus is on the structural changes that follow the binding of substrates to the substrate-binding site.
It is well recognized that we need less-invasive biomarkers to diagnose different cancers and to monitor therapeutic efficacy, but success in this area still remains elusive. Two articles in this Special Issue (Du et al.; Ge et al.) use metabolomic profiles in serum as biomarkers for papillary thyroid cancer and intravenous leiomyomatosis, which pinpoint altered metabolism of aspartate and glutamate as well as the Kreb’s cycle and urea cycle in the former and the utility of hypoxanthine, acetylcarnitine, and glycerophosphocholine in the diagnosis of the latter.
Synopsis
The articles assembled in the Special Issue collectively provide valuable insight into the cancer cell-specific reprogramming of metabolic pathways and the mechanisms by which the cancer cells acquire key nutrients to support their energy needs and promote their growth, proliferation, invasion and migration. These aspects of cancer-cell biology are fundamental for cancer progression and metastasis, thus fulfilling the primary goal of the Special Issue.
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Proton-coupled monocarboxylate transporters (MCTs), representing the first four isoforms of the SLC16A gene family, mainly participate in the transport of lactate, pyruvate, and other monocarboxylates. Cancer cells exhibit a metabolic shift from oxidative metabolism to an enhanced glycolytic phenotype, leading to a higher production of lactate in the cytoplasm. Excessive accumulation of lactate threatens the survival of cancer cells, and the overexpression of proton-coupled MCTs observed in multiple types of cancer facilitates enhanced export of lactate from highly glycolytic cancer cells. Proton-coupled MCTs not only play critical roles in the metabolic symbiosis between hypoxic and normoxic cancer cells within tumors but also mediate metabolic interaction between cancer cells and cancer-associated stromal cells. Of the four proton-coupled MCTs, MCT1 and MCT4 are the predominantly expressed isoforms in cancer and have been identified as potential therapeutic targets in cancer. Therefore, in this review, we primarily focus on the roles of MCT1 and MCT4 in the metabolic reprogramming of cancer cells under hypoxic and nutrient-deprived conditions. Additionally, we discuss how MCT1 and MCT4 serve as metabolic links between cancer cells and cancer-associated stromal cells via transport of crucial monocarboxylates, as well as present emerging opportunities and challenges in targeting MCT1 and MCT4 for cancer treatment.

Keywords: tumor microenvironment, metabolic networks and pathways, monocarboxylic acid transporters, lactic acid, glycolysis


INTRODUCTION

Monocarboxylate transporters (MCTs) belong to the SLC16A gene family and comprise 14 members. Of these identified 14 members, the proton-coupled isoforms MCT1–4 are critical in the metabolic process due to their roles in the transport of monocarboxylates such as lactate, pyruvate, and ketoacids (Halestrap and Price, 1999; Halestrap and Meredith, 2004). The function of proton-coupled MCTs as transporters of monocarboxylates is crucial for the metabolic rewiring of tumor cells and stromal cells (Martinez-Outschoorn U. et al., 2014; Pucino et al., 2018). Cancer cells display a metabolic shift from oxidative metabolism to glycolysis to rapidly produce ATP and lactate in the cytoplasm (Koppenol et al., 2011). The lactate export mediated by proton-coupled MCTs is essential for the survival of cancer cells (Ganapathy et al., 2009; Draoui and Feron, 2011). Moreover, cancer cells exist within a complex microenvironment, surrounded by stromal cells primarily including immune cells, endothelial cells, and fibroblasts. The metabolic interplay between tumor cells and these stromal cells provides advantages for tumor proliferation and progression. MCT1 and MCT4 play the most dominant role in the transport of monocarboxylates, and they have been found to be significantly upregulated and associated with poor prognosis in multiple malignant tumors including peritoneal carcinomatosis, prostate cancer, lymphoma, and oral cavity cancer (Pértega-Gomes et al., 2011; Simões-Sousa et al., 2016; Kim et al., 2018; Afonso et al., 2019). Compared to MCT1 and MCT4, MCT2 and MCT3 have been less studied in cancer. Therefore, this review explores the metabolic crosstalk and therapeutic implications of proton-coupled MCTs with a primary focus on the current roles of MCT1 and MCT4 as targets in cancer.



THE METABOLIC ROLES OF MCT1 AND MCT4 IN CANCER CELLS

MCT1 and MCT4 are crucial players in the process of lactate exchange within tumors. The two isoforms differ in multiple aspects including biochemical properties and tissue distribution (Halestrap and Meredith, 2004; Pérez-Escuredo et al., 2016). MCT1, which exhibits a high affinity for lactate, preferentially facilitates lactate uptake to fuel oxidative phosphorylation (OXPHOS) and is also involved in lactate efflux from cancer cells. MCT4 is a low-affinity, lactate-preferring transporter, adapted to export lactate from glycolytic cancer cells (Dimmer et al., 2000; Halestrap and Meredith, 2004). It should be noted that both normoxic and hypoxic cancer cells co-exist within the tumors, with a lactate shuttling commonly observed between hypoxic and normoxic sites. Hypoxic tumor cells depend on glucose as the main fuel source to satisfy their energy demand, and the high levels of lactate produced are subsequently transported out of the cytoplasm primarily via MCT4. Concurrently, tumor cell-derived lactate can enter the neighboring normoxic cancer cells via MCT1 for OXPHOS, thus sparing glucose for glycolytic cancer cells (Sonveaux et al., 2008; Doherty and Cleveland, 2013). This form of metabolic symbiosis illustrates how the apparent waste product from hypoxic tumor cells may be exploited by oxidative tumor cells to sustain their energy production under nutrient-deprived condition. The relative contributions of glucose and lactate to the tricarboxylic acid (TCA) cycle of non-small cell lung carcinoma cells have been compared. Infusing tumors with 13C-labeled lactate resulted in higher amounts of labeled metabolites TCA cycle metabolites compared to infusion with 13C-labeled glucose (Faubert et al., 2017). These findings highlight that the lactate transport between hypoxic and normoxic tumor cells mediated by MCT1/4 may be crucial for energy production, tumor proliferation and invasion.

An additional role of MCTs is their capability to transport pyruvate across the plasma membrane. Pyruvate is the end-product of glycolysis and a turning point for production of glucose, lactate, fatty acids, and amino acids. As a significant substrate for the TCA cycle, cytoplasmic pyruvate can be transported into the mitochondria to further undergo oxidative metabolism to produce ATP and provide important intermediates. MCT4 shows a high affinity for pyruvate, which may prevent pyruvate efflux that is essential for maintaining of a high glycolytic flux (Halestrap, 2013). MCT1, with a lower affinity for pyruvate, is responsible for the bidirectional transport of pyruvate (Halestrap, 2013). Hong et al. (2016) proposed that MCT1 expression is elevated in glycolytic cancers to enhance pyruvate export to impair mitochondrial OXPHOS. MCT1 inhibition blocks pyruvate export without glycolysis impairment in glycolytic breast tumor cells co-expressing MCT1 and MCT4, which promotes mitochondrial oxidative metabolism and suspends tumor growth (Hong et al., 2016). However, Diers et al. (2012) found that MCT1 upregulation may enhance pyruvate uptake in breast cancer cells, fueling OXPHOS and proliferative potential. MCT inhibition impaired mitochondrial respiration and decreased cell growth through inhibition of cellular pyruvate uptake (Diers et al., 2012). Although the precise roles of MCT1/4 in the pyruvate transport of cancer cells need further investigation, these conflicting results proposed alternative molecular mechanisms for the action of MCT inhibitors in addition to their effects on lactate transport.



HOW MCT1 AND MCT4 LINK CANCER CELLS AND THE TUMOR MICROENVIRONMENT

MCT1 and MCT4 are not only essential for metabolic symbiosis between glycolytic and oxidative cancer cells; they also mediate metabolic rewiring within the tumor microenvironment (TME). MCT1/4-mediated metabolic interplay between cancer cells and stromal cells may be critical for tumor immune response, angiogenesis, and therapy resistance (Figure 1). Thus, targeting the metabolic interplay within the TME is indispensable for developing new interventions for cancer management.
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FIGURE 1. Metabolic symbiosis within tumor microenvironment. MCT1, monocarboxylate transporter 1; MCT4, monocarboxylate transporter 4; M2 macrophage, alternatively activated macrophage.



Immune Cells

Cancer cells display metabolic crosstalk with immune cells using a variety of mechanisms. Studies have shown that high levels of lactate produced by glycolytic tumor cells can lead to immune evasion (Bohn et al., 2018; Sekine et al., 2018). Macrophages, a key representative of myeloid lineages possess two polarized types of the classically activated (M1) macrophage phenotype and the alternatively activated (M2) macrophage phenotype (Biswas and Mantovani, 2010). MCT1/4-mediated lactate secretion from cancer cells plays an important role in mediating macrophage polarization to the M2-like state, which presents with immunosuppressive properties (Colegio et al., 2014; Ohashi et al., 2017; Mu et al., 2018; Liu et al., 2019; Stone et al., 2019). In gastric cancer, the lactate-MCT-hypoxic inducible factor-1α (HIF-1α) axis has been identified as a crucial signaling axis that connects metabolic rewiring and immune evasion. MCT1 inhibition or knockdown of HIF-1α can remarkably abrogate the expression of key M2 marker CD163 and arginase 1 in macrophages (Zhang and Li, 2020). Activation of nuclear factor E2-related factor-2, a transcription factor for regulating oxidative stress response, can induce MCT1 upregulation, fuel lactate uptake of premalignant colonic epithelial cells exposed to inflammatory M1 macrophages and shift colonic epithelial cells toward a reversed Warburg metabolism, favoring malignant transformation of the colonic epithelium (Diehl et al., 2018). This adds new insights for the impact of MCT1/4-mediated lactate transport on macrophage functionality. Nevertheless, the carcinogenic role on MCT 1/4 in macrophages may not be restricted to their effect on lactate transport. In glioblastoma, transport of branched-chain ketoacids (BCKAs), metabolites of branched-chain amino acid catabolism, is also mediated by MCT1. Tumor-excreted BCKAs can be taken up and re-aminated to branched-chain amino acids in macrophages. Exposure to BCKAs abrogates the phagocytic activity of macrophages, and the anti-proliferative effects of MCT1 silencing may also be involved with impaired excretion of BCKAs (Silva et al., 2017). These findings imply a significant role of MCT1/4 in mediating the metabolic crosstalk between tumor cells and macrophages to provide potential metabolic vulnerabilities for cancer management.

T cells have a decisive protective role in host defenses against cancer, and therapeutic strategies targeting T cell immunometabolism have developed quickly in the past years (Jiang and Yan, 2016; Kishton et al., 2017). It is well established that T cells undergo metabolic adaption for the bioenergetic needs of their immune response. During activation, T cells rely on their enhanced glycolytic phenotype to support their growth and effector functions (Thommen and Schumacher, 2018). However, high lactate concentration in the TME blocks lactate export from T cells, thereby disturbing their metabolism and function (Brand et al., 2016). For instance, cytolytic CD8+ T lymphocytes have been found to rely on MCT1-mediated lactate export to sustain their cytokine production and cytotoxic activity (Fischer et al., 2007). Thus, targeting this metabolic pathway in tumors is a promising strategy to enhance tumor immunogenicity. It has been found that silencing MCT1 and MCT4 can suppress lactate secretion, restore T cell-induced immune function, and boost response to immune checkpoint inhibitors in melanoma patients (Renner et al., 2019). Given that immune checkpoint inhibitors function to activate the effective immune response of T cells, MCT1/4 provide new insights for cancer immunotherapy.



Endothelial Cells

The Warburg effect, accompanied with high MCT1/4 expression in the tumor-endothelial cells (EC) micro-environment contributes significantly to angiogenic capacity and cancer progression (Rohlenova et al., 2018; Guo et al., 2019). Glycolytic cancer cells primarily depend on MCT4 to release lactate into the TME, ECs take up lactate in a MCT1-mediated manner, similar to oxidative cancer cells. MCT1/4-mediated lactate transport has been shown to serve as a crucial pro-angiogenic factor to mediate tumor-EC metabolic rewiring, angiogenic activity, and tumor progression in multiple cancers, including glioblastoma, renal cancer, colorectal, and breast cancer, which may rely on activation of oncogenic signaling including nuclear factor-κB (NF-κB) and HIF-1α (Miranda-Gonçalves et al., 2017; Rohlenova et al., 2018; Guo et al., 2019). In tumor ECs, lactate activates the vascular endothelial growth factor signaling pathway to promote lactate-mediated proangiogenic activity, which may act through a poly-ADP ribosylation-dependent mechanism (Kumar et al., 2007). Upon entry into the ECs, lactate can be oxidized by lactate dehydrogenase to produce pyruvate that can subsequently interact with prolylhydroxylases and inhibit prolylhydroxylases activity. This promotes an autocrine NF-κB/IL-8 pathway to drive angiogenic activity and tumor progression (Vegran et al., 2011). The pro-angiogenic properties of the tumor-EC network suggest that MCT1/4 have valuable implications for new therapeutic concepts targeting tumor angiogenesis.



Fibroblasts

In tumor-stroma contact models, a symbiotic relationship termed as the reverse Warburg effect has been established in which stromal cells are induced by oxidative cancer cells to undergo a glycolytic switch and MCT4 upregulation, and metabolites including lactate and pyruvate are imported into the cancer cells for OXPHOS in a MCT1-dependent manner. This metabolic compartmentalization creates a nutrient-rich microenvironment to produce mitochondrial fuels and enables oxidative cancer cells to satisfy their metabolic demand (Koukourakis et al., 2006; Martinez-Outschoorn U.E. et al., 2014; Whitaker-Menezes et al., 2014; Sakamoto et al., 2019). The catabolic phenotypes observed in cancer-associated fibroblasts (CAFs) are driven by multiple cell signaling pathways including loss of caveolin-1 and the activation of HIF-1α and NF-κB signaling, which may serve as metabolic vulnerabilities in the metabolic rewiring of the tumor-CAF network (Pavlides et al., 2009; Bonuccelli et al., 2010; Wilde et al., 2017). In a prostate cancer cell model, tumor-CAF contact triggers a sirtuin 3 -mediated regulation of HIF1 stabilization and glycolytic phenotype to upregulate MCT4 and enhance lactate secretion from CAFs, while prostate cancer cells increase lactate uptake mediated by MCT1 (Fiaschi et al., 2012). Consistently, prostate cancer cells have been shown to undergo sirtuin 1-dependent PGC-1α activation to enhance mitochondrial OXPHOS (Ippolito et al., 2019). Therefore, the reverse Warburg effect mediated by MCT1/4 leads to an enhanced malignant phenotype, making it a crucial therapeutic target.

However, opposite situation exist wherein stromal cells metabolically use lactate and other monocarboxylates exported by highly glycolytic cancer cells for their own energetic requirements. This metabolic interplay not only spares glucose for adjacent glycolytic tumor cells, but it also enables CAFs to provide metabolites of lactate oxidation, such as pyruvate, to meet the energy needs of tumor cells (Koukourakis et al., 2006, 2017; Patel et al., 2017). It has been shown that tyrosine kinase inhibitors-resistant cancer cells exhibit an enhanced glycolytic phenotype and lactate production, while CAFs increase their lactate uptake via MCT1. This further induces upregulation of HGF transcriptional level in CAFs through an NF-kB-dependent manner, which leads to drug resistance to tyrosine kinase inhibitors (Apicella et al., 2018). These emerging opposite situations indicate the existence of tumor metabolic heterogeneity, highlighting the need for further investigations into the metabolic interplay between tumor cells and CAFs.



IMPLICATIONS FOR CANCER TREATMENT

Based on its role in facilitating tumor progression, blocking MCT1/4-mediated monocarboxylate transport may provide novel insights for cancer therapy. Several MCT1 inhibitors have been described, especially AZD3965 and its analog AR-C155858. AZD3965 is a specific MCT1/2 inhibitor that is currently being evaluated in a phase 1 clinical trial1 in solid tumors (NCT01791595). AZD3965 has shown promising anti-tumor effects in treating MCT1-overexpressing models of diverse malignancies including Burkitt lymphoma, diffuse large B-cell lymphoma, gastric cancer, and small cell lung cancer (Bola et al., 2014; Polanski et al., 2014; Noble et al., 2017). Evidence indicates that AZD3965 and its analog AR-C155858 may not be effective. In vivo AR-C155858 treatment was shown to be ineffective in the murine 4T1 xenograft breast tumor model, which may relate to the immune status of the preclinical xenograft model (Guan et al., 2018). Another disadvantage of MCT1-selective inhibition is that it is ineffective when MCT4 is expressed due to the compensatory effect of MCT4 for MCT1 activity (Fiaschi et al., 2012). However, MCT4 inhibitors are still in the discovery phase. Developing drugs that co-inhibit MCT1 and MCT4 may be more effective in blocking lactate secretion and tumor growth. However, inhibition of lactate uptake via MCT1/4 inhibitor may drive glucose influx to mitochondrial metabolism to maintain tumor cell survival (Beloueche-Babari et al., 2017; Corbet et al., 2018). Therefore, co-administration of MCT1/4 inhibitors and mitochondrial-targeted therapy, such as the mitochondrial complex I inhibitor metformin or mitochondrial pyruvate carrier inhibitors, may counteract the elevated mitochondrial metabolism (Beloueche-Babari et al., 2017; Benjamin et al., 2018). It is noteworthy that MCT1 may mediate tumor progression beyond its role as a lactate transporter. For instance, MCT1 has been found to activate the transcription factor NF-κB to facilitate tumor cell migration independently of its transporter activity (Payen et al., 2017). This suggests that coordination of MCT1 inhibitors and other therapeutic agents to block tumor development may be a key point for future pharmacological strategies.

CD147 is a transmembrane glycoprotein that whose overexpression significantly correlates with poor prognosis in multiple malignancies (Nabeshima et al., 2006; Iacono et al., 2007; Pinheiro et al., 2009; Zhong et al., 2012; Huang et al., 2018; Landras et al., 2019). Importantly, CD147 forms complex with MCT1/4, which is necessary for maintaining MCT1/4 cell surface expression and activity (Kirk et al., 2000; Gallagher et al., 2007; Eichner et al., 2016). Therefore, the major pro-tumoral action of CD147 was shown to involve a metabolic modification of the TME through its interaction with MCT1 and MCT4 (Le Floch et al., 2011; Marchiq et al., 2015; Updegraff et al., 2018). Currently, potential CD147 inhibitors including p-chloromercuribenzene sulfonate, which disrupts CD147-MCT1/4 interaction, and AC-73, which targets CD147 dimeric interface, have been proposed (Wilson et al., 2005; Spinello et al., 2019). These studies illustrate that CD147 has therapeutic implications for cancer treatment in addition to directly target proton-coupled MCTs.



CONCLUSION

Proton-coupled MCTs, especially MCT1 and MCT4, are emerging as promising therapeutic targets for cancer treatment. Indeed, MCT1/4-mediated transport of metabolites such as lactate and pyruvate not only plays a decisive role in metabolic symbiosis between hypoxic and normoxic cancer cells within tumors and also links crosstalk between cancer cells and stromal cells including immune cells, endothelial cells and fibroblasts. These metabolic interplays mediated by MCT1 and MCT4 necessitate further exploration in the clinical settings. MCT1 inhibitors are currently being tested in the clinical trial, and potential combination with other agents may provide new prospects for cancer management. CD147, which is necessary for MCT1 and MCT4 activity, also serves as a therapeutic target to block MCT1/4-mediated transport of crucial metabolites to impair cancer progression. Unfortunately, our understanding of the effects of MCT1/4 are still limited and most studies are based on in vitro and preclinical data. Thus, a better understanding of the role of MCT1 and MCT4 in metabolic reprogramming and cancer development is required for novel therapeutic strategies.
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Metabolic flexibility is a peculiar hallmark of cancer cells. A growing number of observations reveal that tumors can utilize a wide range of substrates to sustain cell survival and proliferation. The diversity of carbon sources is indicative of metabolic heterogeneity not only across different types of cancer but also within those sharing a common origin. Apart from the well-assessed alteration in glucose and amino acid metabolisms, there are pieces of evidence that cancer cells display alterations of lipid metabolism as well; indeed, some tumors use fatty acid oxidation (FAO) as the main source of energy and express high levels of FAO enzymes. In this metabolic pathway, the cofactor carnitine is crucial since it serves as a “shuttle-molecule” to allow fatty acid acyl moieties entering the mitochondrial matrix where these molecules are oxidized via the β-oxidation pathway. This role, together with others played by carnitine in cell metabolism, underlies the fine regulation of carnitine traffic among different tissues and, within a cell, among different subcellular compartments. Specific membrane transporters mediate carnitine and carnitine derivatives flux across the cell membranes. Among the SLCs, the plasma membrane transporters OCTN2 (Organic cation transport novel 2 or SLC22A5), CT2 (Carnitine transporter 2 or SLC22A16), MCT9 (Monocarboxylate transporter 9 or SLC16A9) and ATB0, + [Sodium- and chloride-dependent neutral and basic amino acid transporter B(0+) or SLC6A14] together with the mitochondrial membrane transporter CAC (Mitochondrial carnitine/acylcarnitine carrier or SLC25A20) are the most acknowledged to mediate the flux of carnitine. The concerted action of these proteins creates a carnitine network that becomes relevant in the context of cancer metabolic rewiring. Therefore, molecular mechanisms underlying modulation of function and expression of carnitine transporters are dealt with furnishing some perspective for cancer treatment.
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INTRODUCTION

Carnitine is a crucial cofactor given its pleiotropic role in human metabolism (Figure 1). The endogenous biosynthesis which mainly takes place in the liver, kidney, and to some extent in the brain, meets only 25% of the carnitine required by the human body, while the remaining 75% is obtained from the diet under regular diet regimen, i.e., consuming either meat, fish, dairy product, and vegetables (Longo et al., 2006; Almannai et al., 2019). Therefore, carnitine homeostasis is maintained by the balance between intestinal absorption, endogenous synthesis, and renal reabsorption (Pochini et al., 2013; Almannai et al., 2019). In particular, the kidney needs to be very efficient in regulating urinary carnitine excretion; in case of a strict vegetarian diet, the renal reabsorption, together with an increase of biosynthesis, compensate, at least partially, for inadequate carnitine intake (Lombard et al., 1989; Vaz and Wanders, 2002; Rebouche, 2004). Carnitine homeostasis does not consist of the simple maintenance of constant carnitine concentration. Cells from various tissues require different amounts of carnitine to ensure their survival; as an example, the highest carnitine level in the human body is reached in testis where carnitine is necessary for sperm maturation (Bresolin et al., 1982; Rebouche and Seim, 1998; Pochini et al., 2019). A proof of the dynamic balancing of carnitine homeostasis derives from the observation that, under regular diet, patients carrying defects of the carnitine biosynthesis enzymes, do not apparently display carnitine deficiency, because the reduced synthesis is compensated by carnitine dietary intake and increased renal reabsorption (El-Hattab and Scaglia, 2015). On the contrary, defects of the transport protein that mainly mediated the absorption and renal reabsorption of carnitine, lead to a syndrome called primary carnitine deficiency (PCD – OMIM 212140; Stanley et al., 1992; Magoulas and El-Hattab, 2012; Rose et al., 2012). The maintenance of carnitine homeostasis is crucial in cell metabolism due to the major role of carnitine as a shuttle of acyl groups for fatty acid oxidation (FAO). Indeed, carnitine can be converted into acylcarnitine by acyltransferase isoenzymes present in various subcellular compartments. As an example, in the heart acylcarnitine may act as a reservoir of activated acyl groups that can be transferred to CoA to provide an immediate source of energy through FAO. It has to be stressed that several features make carnitine an optimal vehicle for moving acyl groups: at first, the carnitine derivatives are more stable and less reactive with respect to the acyl-CoA (Ramsay and Arduini, 1993); moreover, acylcarnitine can be moved across plasma as well as intracellular membranes by specific transporters, shuttling the acyl groups among the different subcellular compartments to meet the metabolic needs (Indiveri et al., 2010). For instance, the mitochondrial “shuttle-system” allows the transport of fatty acids, as acylcarnitines, from the cytosol into the mitochondrial matrix where these nutrients are oxidized for ATP production. Similar shuttles have been proposed in peroxisomes or the endoplasmic reticulum (ER), but definitive demonstrations of their existence are still lacking (Tonazzi et al., 2006; Pochini et al., 2013; Demarquoy and Le Borgne, 2015; Juraszek and Nalecz, 2019). Carnitine is then involved in the regulation of the acyl-CoA/CoA balance that has important consequences in the modulation of carbohydrate metabolism, lipid biosynthesis and degradation, and gene expression (Figure 1; Pietrocola et al., 2015). For instance, a high acetyl-CoA/CoA ratio in the mitochondrial matrix inhibits pyruvate dehydrogenase (PDH) that catalyzes the oxidative decarboxylation of pyruvate to acetyl-CoA (Pietrocola et al., 2015). Noteworthy, PDH represents a connection between glycolysis and the tricarboxylic acid (TCA) cycle; then, a decrease of acetyl-CoA/CoA ratio can relieve the inhibition of PDH thus affecting glucose oxidation. On the contrary, Acetyl-CoA is an activator of pyruvate carboxylase, thus promoting the TCA flux or the gluconeogenesis (Pietrocola et al., 2015). These allosteric effects can be modulated through the action of carnitine acetyltransferase (CAT), a mitochondrial isoenzyme that transfers the acetyl groups from acetyl-CoA to carnitine, forming acetylcarnitine. In good agreement with the above-described processes, carnitine seems to be involved also in insulin sensitivity (Figure 1): it was observed that the muscle accumulation of fatty acyl-CoA derivatives or acyl metabolites inhibits both insulin signaling and glucose oxidation (Pietrocola et al., 2015; Console et al., 2018). Another metabolically relevant compound that links carnitine and CoA derivatives is the malonyl-CoA that is required for fatty acid biosynthesis but acts as a potent inhibitor of the carnitine acyltransferases using cytoplasmic substrates, such as carnitine palmitoyltransferase 1 (CPT1), which is the first component of the mitochondrial carnitine shuttle (Ramsay and Arduini, 1993). Thus, when the malonyl-CoA concentration rises, the fatty acid synthesis increases but the flow of acylcarnitine into the mitochondrial matrix and, in turn, into the β-oxidation pathway decreases. Furthermore, the acetyl-CoA derived from carnitine has been also reported to regulate gene expression by influencing histone acetylation (Madiraju et al., 2009). A novel role for carnitine was recently discovered as potentially relevant to human health; it was reported that carnitine is a dietary precursor from which gut microbiota releases trimethylamine (TMA) which is then subjected to human cell metabolism and converted to trimethylamine N-oxide (TMAO) by hepatic flavin monooxygenase (FMO; Phillips and Shephard, 2020). In terms of relevance to human health, carnitine shows anti-inflammatory, and anti-oxidant properties (Bene et al., 2018; Wang et al., 2020; Figure 1). In the brain, acetylcarnitine supports the synthesis of neurotransmitters (Pochini et al., 2019; Figure 1). Finally, carnitine is also used to reduce the toxicity of compounds deriving from partially metabolized acyl groups and breakdown of xenobiotics by facilitating their excretion in carnitine ester form (Duran et al., 1990; Bene et al., 2018; Figure 1). The wide collection of functions above described, could not be met without a proper interconnection across the tissues and the cell sub-compartments provided by dedicated membrane transporters that regulate the carnitine traffic in the human body. In this respect, it is not surprising that under pathological conditions such as cancer, this traffic is altered. An overview of the relationships among alterations of carnitine traffic and the metabolic switch typical of cancer cells will be the object of the present review.
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FIGURE 1. Schematic representation of the cell processes linked to carnitine. Carnitine is represented as 3D conformer with oxygen atoms in red and ammonium atom in blue. In orange, pathways in which carnitine is involved and compounds synthesized from carnitine metabolism. In teal, processes regulated by the Acyl-CoA/CoA ratio derived from carnitine function in mitochondria.




CARNITINE TRAFFIC

The carnitine traffic in the body is regulated by a dedicated network of membrane transport proteins showing different tissue and subcellular localization (Figure 2). The intestinal absorption of carnitine, as well as its renal reabsorption, is primarily mediated by the plasma membrane organic cation transporter novel 2 (OCTN2 – SLC22A5) that, among the carnitine-handling transporters, shows the highest affinity toward carnitine. OCTN2 plays a major role also in the distribution of carnitine to the various tissues (Figure 2). Besides intestine and kidney, OCTN2 is expressed in several tissues such as placenta, mammary gland, liver, heart, testis, skeletal muscle, and brain, where it is also expressed at the level of the blood-brain barrier (BBB; Koepsell, 2013; Pochini et al., 2019; Koepsell, 2020). In good agreement with the localization of OCTN2 in the brain, the administration of carnitine-derivatives may sustain neuroprotection (Juraszek and Nalecz, 2019; Pochini et al., 2019). The carnitine transport mediated by OCTN2 is Na+-dependent. This feature allows for carnitine accumulation in cells giving rise to a concentration gradient between intracellular space and blood. The intracellular concentration of carnitine ranges from 1 to 5 mM, while the concentration in the plasma ranges from 25 to 50 μM (Bene et al., 2018). The major role of OCTN2 in carnitine absorption and tissue distribution is demonstrated by the existence of a human disease caused by inborn defects of the OCTN2 gene, namely PCD (Magoulas and El-Hattab, 2012). The disease is characterized by general metabolic derangement, cardiomyopathy, hyperammonemia, hypoglycemia, muscle weakness, and myopathy, in line with the crucial role of carnitine in FAO (Nezu et al., 1999). Interestingly, the clinical manifestations of the disorder can be improved by supplementation of high doses of carnitine. The partial rescue of the above-described symptomatology can be ascribed to the activity of other transporters such as ATB0,+(SLC6A14), MCT9, and probably, OCTN1 (SLC22A4) that accept carnitine with a much lower affinity if compared to OCTN2. In particular, the relevance of the ATB0,+-mediated carnitine transport, in patients with PCD, may be explained considering that this protein is highly expressed in the intestine (Figure 2). ATB0,+ is also expressed in the lung (Sloan et al., 2003), eye (Ganapathy and Ganapathy, 2005), and mammary gland (Nakanishi et al., 2001) allowing for carnitine distribution in these tissues. Concerning the plasma membrane transporter MCT9, its transport features are still poorly characterized. MCT9 is ubiquitous with the highest expression level in the kidney and adrenal gland; then, its involvement in managing carnitine traffic is plausible (Figure 2; Halestrap and Wilson, 2012; Halestrap, 2013). Indeed, MCT9 in the basolateral membrane of enterocytes might ensure the passage of carnitine into the blood. However, no conclusive data are available on its involvement in carnitine traffic under physiological conditions. MCT9 is also expressed in human umbilical vein endothelial cells where it may have a role in the pro-inflammatory response linked to carnitine (Figure 1). Indeed, the MCT9 expression is increased by the pro-inflammatory tumor necrosis factor-α (TNF-α); this, as a consequence, induces a carnitine accumulation in endothelial cells contributing to energy production via FAO for sustaining the inflammatory response (Knyazev et al., 2018). Even more controversial is the role played by OCTN1 that is ubiquitously expressed even if its actual physiological role in carnitine homeostasis is uncertain. There is evidence on its ability to mediate carnitine and acetylcarnitine transport albeit with a very low affinity (Pochini et al., 2011, 2016) since carnitine is not its main substrate. One of the physiological substrates of this transporter is acetylcholine, underlying a key role in the non-neuronal cholinergic system in both physiological and pathological conditions, as testified by the occurrence of a natural mutation of OCTN1 in inflammatory conditions such as Crohn’s Disease (Pochini et al., 2019). An intriguing history is related to another member of the OCTN family, namely OCTN3 (SLC22A21). It is a carnitine specific transporter that disappeared during evolution: it is present in mouse, but not in chimpanzee or humans (Pochini et al., 2013). As stated in the introduction, carnitine homeostasis is also gender-specific, being crucial for sperm maturation (Figures 1, 2). In testis and the epididymis, carnitine concentration reaches the highest level of the body, up to 60 mM in the epidydimal lumen. The terrific carnitine concentration gradient between epidydimal lumen and plasma is allowed by the presence of OCTN2 at the blood side and by the presence of another carnitine specific transporter, namely CT2 (SLC22A16) on the lumen side of epithelia (Gong et al., 2002). The functional characterization of CT2 is still at its infancy, but its peculiar tissue distribution suggests that this transporter is involved in maintaining the epidydimal gradient of carnitine that plays as osmolyte and FAO cofactor. Surprisingly, CT2 becomes almost ubiquitous in human cancers with a dramatic broadening of its function (Koepsell, 2013). Another tissue with high content of carnitine is placenta. In the mouse placenta carnitine concentration is up to 10-fold compared with heart. Also in this tissue, the transport of carnitine is mediated by OCTN2 (Shekhawat et al., 2004). The placenta has to provide the fetus with the nutrients and to serve to eliminate waste products of fetal metabolism. To perform these unique roles placenta requires energy. At first it was established that glucose was the major source of energy for the placenta-fetus unit, but more recent studies demonstrated that FAO play an important role for placental and fetus growth (Shekhawat et al., 2004). Moreover, carnitine seems to be critical in fetal maturation, and fetal gene regulation. Studies also have showed a correlation between the intrauterine growth retardation due to hypoglycemia and to hypoxia-ischemia in the newborn with decreased plasma free carnitine concentration and impaired FAO (Xi et al., 2008). After entering the cell, carnitine traffic among the cytosol and the intracellular compartments is needed. Therefore, transporters located in organelle membranes must operate to fulfill the intracellular traffic of carnitine and its derivatives. The most well-studied transporter of the endocellular membranes is the mitochondrial carnitine/acylcarnitine carrier (CAC; SLC25A20) that is the central component of the mitochondrial carnitine shuttle (Figure 3). This system includes the CPT1 which grapples on the mitochondrial outer membrane and converts acyl-CoAs into acylcarnitines. These cross the inner mitochondrial membrane through the CAC. Once in the mitochondrial matrix, carnitine palmitoyltransferase 2 (CPT2) converts acylcarnitines back into acyl-CoAs for oxidation and energy production (Figure 3; Indiveri et al., 2011). The essential link between the mitochondrial carnitine transport and FAO is demonstrated by the life-threatening inherited carnitine/acylcarnitine translocase deficiency (OMIM 613698) that, in contrast to the PCD caused by OCTN2 defects, cannot be compensated by the administration of carnitine (Indiveri et al., 2011). Less information is available on carnitine transporters of other subcellular compartments such as the ER. The longest splicing variant of the SLC22A5 gene codes for an OCTN2 variant called OCTN2VT containing an insertion of 24 amino acids in the first extracellular loop, that seems to be localized in the ER (Figure 2; Maekawa et al., 2007; Pochini et al., 2013). A still unsolved issue, connected with the role of carnitine in modulating gene expression (Figure 1) is the link between mitochondria and nucleus: acetylcarnitine produced in mitochondria would reach the nucleus providing acetyl units (Figure 2). This further step in carnitine traffic can be possible if a nuclear isoform of CAT exists for regenerating acetyl-CoA from acetylcarnitine. This aspect is, indeed still mysterious even if a protein with CAT feature has been described in the nuclear extract from HEK293 cells (Madiraju et al., 2009). Furthermore, the role of carnitine in mediating TMAO synthesis has relevance to human health. Indeed, TMAO was suggested as one of the factors promoting atherosclerosis and increased cardiovascular risk (Koeth et al., 2013; Gao et al., 2017; Roncal et al., 2019). Later on, it has been shown that more than 200 variants exist in the coding region of TMAO producing enzyme, with different outcomes on the cardiovascular risk (Phillips and Shephard, 2020). The actual interest around TMAO and, hence, carnitine contribution to its synthesis, is the association with increased risk of colorectal and gastrointestinal cancers; however, given that TMAO levels are also greatly influenced by diet-microbiota interactions that are subjected to great variability, the link between TMAO and some human cancers cannot be easily defined (Oellgaard et al., 2017). Finally, a novel branch in the carnitine traffic has been suggested which is linked to vesicles of endocellular origin, namely exosomes. In this respect, exosomes loaded with the plasma membrane transporter OCTN2 can transfer from one cell to another, the capacity of absorbing carnitine. In particular, exosomes derived from HEK293 cells treated with interferon-γ (INF-γ) carry a higher amount of OCTN2 with respect to exosomes derived from untreated cells. This correlates well with the suggestion that carnitine is involved in the inflammatory response and that the expression of OCTN2 in epithelia can be modulated by inflammatory cytokines such as INF-γ and TNF-α (Console et al., 2018; Juraszek and Nalecz, 2019; Pochini et al., 2019).
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FIGURE 2. Schematic representation of carnitine traffic. Carnitine (Car) traffic is described by continuous arrows; dotted arrows refer to the transport of some other substrates such as carnitine derivatives and trimethylamine (TMA) that are indirectly involved in carnitine traffic. The organic cation transporter novel 2 (OCTN2) mediates carnitine transport by a sodium dependent mechanism, which is not reported for the sake of clarity. ATB0,+ mediates a sodium and chloride dependent transport, which is not reported for the sake of clarity. Carnitine/acylcarnitine carrier (CAC), the mitochondrial carnitine transporter, allows for the completion of β-oxidation (β-ox) and mediates acylcarnitine/carnitine antiport in mitochondria which is reported in details in Figure 3. The longest isoform of OCTN2, named OCTN2VT, is depicted in the endoplasmic reticulum (ER). The other transporters are depicted in the cell types in which they are expressed. The role of carnitine in the synthesis of the neurotransmitter acetylcholine (Ach) is reported in the sketch representing the brain tissue; the blood-brain barrier is indicated as BBB. Carnitine concentrations in the different tissues are reported. Synt, carnitine synthesis; CIC, citrate transporter; Citr, citrate; Exo, exosomes; VLDL, very low density lipoprotein; BBB, blood-brain barrier.
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FIGURE 3. Role of Carnitine in the mitochondrial β-oxidation pathway. The organic cation transporter novel 2 (OCTN2) mediates the uptake of carnitine in cells. Fatty acids (FA) crosses the plasma membrane via CD36. In the cytosol, FA are converted in acyl-CoA by acetyl-CoA synthetase (ACS) and then are translocated in the mitochondrial matrix by the carnitine shuttle. The shuttle is constituted by carnitine palmitoyltransferase 1 (CPT1), carnitine/acylcarnitine carrier (CAC), and carnitine palmitoyltransferase 2 (CPT2). Once in the matrix, acyl-CoA undergoes β-oxidation (β-ox) with the production of acetyl-CoA that enters the tricarboxylic acid cycle (TCA). NADH and FADH2 are generated by β-oxidation and TCA.




FATTY ACID METABOLISM, CARNITINE AND CANCER

The carnitine supply is conditio sine qua non to carry out the β-oxidation of fatty acids by mitochondria. This is one of the most efficient energy-producing pathways in cells, therefore, high energy demanding tissues, such as heart and kidney, mainly rely on fatty acids utilization (Console et al., 2020). If we consider human diseases, a pathological condition characterized by a high energy request is cancer. Cancer cells need the energy to sustain the high rate of proliferation and the energy need further increases with the grade of malignancy (Hanahan and Weinberg, 2011). The association of FAO derangements with cancer has been studied since 1952 (Waterman et al., 1952). However, the current largest body of evidence, in the field of metabolic adaptation of cancer cells, deals with the flexible utilization of glutamine and glucose as the main sources of energy. Glucose and glutamine as energetic substrates are considered a hallmark of cancer cells and the metabolic switch that allow their utilization under virtually anaerobic conditions is known as the Warburg effect (Warburg et al., 1927). The canonical interpretation of the Warburg effect implies that cells bypass the mitochondrial respiratory chain for the synthesis of ATP even in the presence of adequate oxygen supply (Ganapathy et al., 2009). However, it is nowadays evident that the Warburg effect needs to be considered in a more general metabolic context that includes also the utilization of fatty acids in line with the efficiency of these substrates in terms of ATP yield. In this view, the mitochondrial function in cancer is not totally impaired and the TCA, as well as the oxidative phosphorylation pathway, are working (Currie et al., 2013). In agreement, it is more and more evident that some cancers with dual capacity for glycolytic and oxygen-consuming metabolism exist. The described metabolic flexibility is a relevant phenomenon observed in different types of cancers, and, within the same cancer type, at different stages of progression. Concerning the lipid metabolism, there is compelling evidence showing that in some cancer types the fatty acid utilization is increased, while in others this pathway is down-regulated. Noteworthy, in all the mentioned cases, an appropriate intervention in regulating the carnitine level and/or traffic is required, given its role in FAO. The alterations of FAO can affect the availability of membrane structural lipids, the abundance of lipids with signaling functions, the synthesis and degradation of lipids for energy production and utilization (Carracedo et al., 2013; Currie et al., 2013; Rohrig and Schulze, 2016; Koundouros and Poulogiannis, 2020). As an example, prostate cancer and diffuse large B-cell lymphoma, use FAO as the main source of energy and express FAO enzymes at high levels (Liu, 2006; Svensson et al., 2016; Yamamoto et al., 2020). FAO substrates are derived from the external environment via specific transporters able to mediate fatty acid uptake, such as CD36 (Figure 3). This is a membrane transporter allowing for fatty acids storage in adipose tissues and for the uptake of fatty acids in cells to produce ATP. CD36 is a heavy glycosylated protein with a hairpin conformation. Indeed it consists of two transmembrane domains, a large extracellular domain, and two short intracellular domains that are required for CD36 function after substrate binding (Su and Abumrad, 2009). In those cancers relying on lipid metabolism, CD36 and other fatty acid binding proteins (FABP) are over-expressed to catch fatty acids stored in surrounding adipocytes (Koundouros and Poulogiannis, 2020). CD36 is distinct from the transporters regulating the traffic of carnitine and acylcarnitines, since it handles the hydrophobic fatty acid molecules as such, thus not directly participating to the carnitine network. Another source of lipid for FAO is the lipid droplets, which are commonly formed in cancer cells. Besides the direct advantage in terms of ATP synthesized from fatty acids, FAO is also relevant in managing oxidative stress derived from the electron transport chain activity. Indeed, the end-product of FAO, acetyl-CoA enters TCA and can leave the cycle as isocitrate. This is, then, oxidized by cytosolic isocitrate dehydrogenase 1 (IDH1) to α-ketoglutarate with the production of NADPH required for the detoxification from reactive oxygen species (ROS; Jeon et al., 2012; Qu et al., 2016). Then, α-ketoglutarate can enter back into the TCA for completing the cycle. The strong requirement for NADPH is testified by the presence of diverse pathways, which are activated in cancer cells to fulfill their need. NADPH can derive also from the activity of the malic enzyme and the pentose phosphate pathway. The genes encoding for these enzymes are positively regulated by the oncogene AKT which acts upstream the transcription factor Nrf2. Furthermore, AKT may directly activate the nicotinamide adenine nucleotide kinase (NADK) responsible for the phosphorylation of NADH forming NADPH (Jeon et al., 2012; Currie et al., 2013; Koundouros and Poulogiannis, 2020). However, the involvement of lipid metabolism in cancer is not only linked to the oxidative route; indeed, cancer cells are greatly committed in anabolic metabolism required for generating new building blocks that sustain cell growth and proliferation. In this frame, lipids are in the list of molecules required by proliferating cells being components of cell membranes. Therefore, cancer cells not only use FAO to oxidize fatty acids and to derive energy by mitochondria but they also use acetyl-CoA to endogenously synthesize fatty acids in the cytosol using NADPH as key cofactor for anabolic enzymes (Currie et al., 2013). This is a typical example of a futile cycle activated by cancer cells that is forbidden in the “canonical” biochemistry. Such a condition is centered on the removal of inhibition of the carnitine handling enzyme CPT1 via the specific down-regulation of acetyl-CoA carboxylase 2 (ACC2), with a strong reduction of the malonyl-CoA pool responsible for CPT1 inhibition (Koundouros and Poulogiannis, 2020). In this complex network of metabolic alterations promoting FAO in cancer, the traffic of carnitine can be considered the start-up process. Indeed, FAO cannot occur without a proper carnitine traffic interplay (Figure 2; Melone et al., 2018).



ROLE OF CARNITINE TRANSPORTERS IN CANCERS

Changes in expression and/or activity of carnitine transporters in plasma or intracellular membranes are expected, especially in those cancers characterized by either an increased or a decreased utilization of fatty acids. The status artis of the link of altered carnitine transporter expression with cancer will be depicted in this section. Each transporter will be dealt with and described in terms of its role in the derangements occurring in cancer cells.


General Features of OCTN2 (SLC22A5)

The membrane transporter OCTN2 is one of the upstream players of the carnitine network (Figure 2). It is one of the 13 members of the SLC22 family that includes organic cation transporters (OCTs), organic zwitterion/cation transporters novel (OCTNs), and organic anion transporters (OATs). The gene encoding the human isoform of OCTN2 has been annotated and cloned in 1998, in parallel to the murine one (Tamai et al., 1998, 2000; Wu et al., 1998, 1999). It maps in the chromosome 5 in the “inflammatory bowel diseases 5 (IBD)” risk region and is formed by 11 exons giving rise to two variants of different lengths, which have different subcellular localization (Figure 2). Over the years, the function of OCTN2 has been characterized, employing intact cell systems as well as proteoliposomes harboring the native rat and human protein (Tamai et al., 1998, 2000; Lahjouji et al., 2002; Ohashi et al., 2002; Pochini et al., 2004; Console et al., 2018). The main substrates of OCTN2 are carnitine and its acyl derivatives and their transport is coupled to Na+ co-transport (Figure 3 and Table 1; Pochini et al., 2013). OCTN2 mediates also the transport of organic cations such as TEA in Na+-independent manner. Data from studies using cross species chimeric OCTN2 and mutagenesis demonstrated that the active site for carnitine and that for organic cations overlap but are not identical. Indeed, the mutation P478L of OCTN2, abolished only the carnitine transport activity (Seth et al., 1999). This mutation causes the PCD (Seth et al., 1999). An important model to study the consequences of systemic carnitine deficiency is the homozygous OCTN2 null mouse, in which OCTN2 function is abolished by the missense mutation L352R. In contrast with P478L, this second mutation abrogates both carnitine and organic cations transport. Homozygous OCTN2 null mice showed liver fatty infiltration and hypoglycemia. In absence of carnitine administration these mice die within 3–4 weeks after birth with dilated cardiomyopathy, which is also seen in children with PCD (Seth et al., 1999; Shekhawat et al., 2004). Intriguingly, different transport modes have been described for OCTN2, either murine or human, namely a Na+-carnitine symport and a Na+-dependent carnitine/acylcarnitine antiport (Ohashi et al., 2001; Ohnishi et al., 2003; Pochini et al., 2013). This protein also mediates the efflux of carnitine derivatives favored by their outwardly directed concentration gradient (Figure 2 and Table 1; Xiang et al., 2017). Therefore, the actual transport mechanism, i.e., symport and/or antiport is a still an open question: it can be speculated that OCTN2 may show different transport features according to isoforms and to the tissue in which it is expressed (Ohashi et al., 1999; Pochini et al., 2013); such a regulation could be ascribed also to post-translational modifications. In this respect, the N-glycosylation pathway (Filippo et al., 2011), as well as a more complicated process involving a multiprotein complex that traffics OCTN2 to the definitive location, have been described (Jurkiewicz et al., 2017). Interestingly, the interactions with the scaffold proteins PDZK1 and PDZK2 have been described as begin responsible for the regulation of both rat and human OCTN2 transport function (Kato et al., 2005; Juraszek and Nalecz, 2019). The possible transport mechanisms together with the wide tissue distribution underlie the role of OCTN2 as the major transporter responsible for the traffic of carnitine and carnitine derivatives in the intestine, distribution to several body districts and reabsorption/excretion in the kidney (Figure 2). Even though the 3D structure of OCTN2 is still not known, the molecular determinants for substrate specificity have been revealed: one ammonium and one carboxylate groups are strictly required for transport, while the distance between them is not important (Ohashi et al., 2002; Pochini et al., 2013). The esterification of the carnitine hydroxyl group is well tolerated. The wide specificity toward carnitine derivatives is very important in the regulation of their traffic and is in line with the detection of more than 100 different types of acylcarnitines in plasma and urine (Xiang et al., 2017). The extracellular Km toward carnitine, measured in different experimental systems, ranges from 8 to 80 μM depending on different species and/or tissues. This range falls within the average carnitine concentration in plasma (Indiveri et al., 2010; Pochini et al., 2013; Figure 2). The intracellular Km for carnitine, which is also important for understanding the mechanism of carnitine traffic has been measured only in proteoliposomes, an experimental system which gives access to the internal face of a transporter (Scalise et al., 2013). The internal Km value is in the millimolar range, i.e., in the average intracellular carnitine concentrations (Pochini et al., 2004). In line with the link with FAO, the regulation of OCTN2 occurs via some transcription factors which also govern other proteins connected with lipid metabolism. As an example, the peroxisome proliferator-activated receptor α (PPARα) can activate OCTN2 expression as well as the FAO (Maeda et al., 2008). Moreover, the peroxisome proliferator-activated receptor γ (PPARγ) regulates OCTN2 expression by binding to the PPAR-response element within the first intron (Qu et al., 2014). Moreover, an estrogen hormonal regulation has been reported. Indeed, a responsive element for estrogen is located in the second intron of OCTN2 (Wang et al., 2012). Finally, insulin-dependent hormonal regulation has also been reported (Stephens et al., 2006). As stated above, the key role of OCTN2 in fatty acid metabolism is testified by human pathologies caused by alterations of the transporter function (Magoulas and El-Hattab, 2012). Some of the symptoms which characterize the inherited disease are mimicked by the administration of drugs interacting with OCTN2 as off-target or by some diet regimens (Pochini et al., 2009, 2019; El-Hattab and Scaglia, 2015). It has to be stressed that chronic inflammatory conditions may be the basis for the insurgence of other pathological states, including cancer, broadening the role of OCTN2 and its main substrate, carnitine, in human pathology. In the next section, the connections between OCTN2 expression/function and lipid metabolism in cancer will be dealt with.


TABLE 1. Carnitine transporters involved in cancer.

[image: Table 1]


Implications of OCTN2 in Cancer

To date, several studies reported a link between the altered expression of OCTN2 and cancer development and progression (Lu et al., 2008; Scalise et al., 2012; Wang et al., 2012; Elsnerova et al., 2016; Lee et al., 2016; Fink et al., 2019; Juraszek and Nalecz, 2019; Table 1). Interestingly, its expression is found up or down-regulated depending on the carbon source that the tumors use to produce energy. Lipid utilization is increased in those cancers surrounded by a lipid-rich or lipid-enriched environment (Quail and Joyce, 2013; Koundouros and Poulogiannis, 2020). As recently reviewed, OCTN2 is overexpressed in endometrial, ovarian, renal, pancreatic cancers and also in glioblastoma (GBM) even if neurons do not normally use fatty acids to derive energy (Juraszek and Nalecz, 2019). It can be speculated that, in a condition of high aggressiveness, typical of GBM, an increase of carnitine cell content is required to sustain the high energy demand of cell proliferation. The high OCTN2 expression is associated with poor overall patient survival and a siRNA-mediated OCTN2 silencing in GBM led to a loss of tumor cell viability (Fink et al., 2019). Data were confirmed by the use of an orthotopic mouse model of GBM, in which OCTN2 was inhibited by meldonium and a reduction of tumor growth was observed (Fink et al., 2019). In metastatic breast cancer ER+ (estrogen receptor positive), OCTN2 is overexpressed due to the control exerted by the estrogen signaling. This has been experimentally demonstrated by silencing the estrogen receptor in breast cancer (ER+) with consequent decrease of OCTN2 expression (Wang et al., 2012). The link with lipid metabolism has been provided by employing a siRNA for OCTN2, which lowered carnitine uptake triggering an increased formation of lipid droplets and a decreased cell proliferation. These results suggested OCTN2 as a potential therapeutic target for breast cancer ER+. However, as recently reviewed, the role of OCTN2 in breast cancer, either ER+ or ER-, is not straightforward when considering prognosis and patient survival after cancer treatment; upon a deep analysis of breast cancer data set, the existence of a threshold level of OCTN2 expression that may affect the different prognosis has been proposed (Juraszek and Nalecz, 2019). In contrast, colorectal cancer (CRC) is characterized by decreased OCTN2 expression (Juraszek and Nalecz, 2019). In good agreement, the association between an OCTN2 SNP (rs27437), down-regulating the OCTN2 expression and the CRC risk has been identified (Zou et al., 2018). The expression of OCTN2 is decreased also in epithelial HPV-mediated carcinoma. Indeed, both mRNA and protein levels were reduced in keratinocytes retrotransduced with the high-risk HPV16E6 compared to the control (Scalise et al., 2012). A similar result was also observed in CaSki, a cervical carcinoma cell line naturally infected by HPV16. In this case, the mechanism of down-regulation is linked to promoter methylation (Scalise et al., 2012; Qu et al., 2013). As other members of the SLC22 family, OCTN2 can mediate cellular uptake of oxaliplatin and other chemotherapeutic agents (Jong et al., 2011; Pochini et al., 2019; Koepsell, 2020; Kou et al., 2020). Therefore, the epigenetic modulation of OCTN2 in cancer may by exploited to increase the efficacy of anti-cancer drugs. It is reported that treatment of CRC cells with luteolin, a naturally occurring flavonoid which is an agonist of PPARγ, increased mRNA and protein expression of OCTN2 in a time- and dose-dependent manner, enhancing the intracellular accumulation of oxaliplatin (Qu et al., 2014). In this respect, OCTN2 targeted nanoparticles have been exploited for improving paclitaxel delivery (Kou et al., 2018). Furthermore, imatinib that is the first-line treatment of patients with chronic myeloid leukemia seems to be transported in cells by OCTN2 and OCTN1 (Hu et al., 2008 and Table 1). Accordingly, an association between the SNP rs2631365-TC located in the promotor region of OCTN2 and failure of imatinib treatment has been described (Jaruskova et al., 2017). Imatinib is also used in the treatment of the gastrointestinal stromal tumor. In this cancer, the failure of imatinib mainly depends on mutations of the tyrosine-protein kinase KIT and the platelet-derived growth factor receptor α (PDGFRα). Nevertheless, some patients with responsive genotype develop resistance. After analyzing 31 polymorphisms in 11 genes, it has been discovered that in presence of the C allele in SLC22A4 (OCTN1 rs1050152), and the two minor alleles (G) in SLC22A5 (OCTN2 rs2631367 and rs2631372) the time to progression was significantly improved (Angelini et al., 2013). These studies are essential to develop personalize therapy.



General Features of OCTN1 (SLC22A4) and Implications in Cancer

Organic cation transporter OCTN1 is another member of the SLC22 family. Its gene, named SLC22A4, counts 11 exons and encodes for a protein of 551 amino acids. This transporter is strongly expressed in the kidneys and, at a lower level, in trachea, bone marrow, liver, skeletal muscle, prostate, lung, pancreas, intestine, placenta, heart, uterus, spleen, spinal cord, and neurons (Pochini et al., 2013). The functional properties of OCTN1 have been investigated using several experimental models such as intact cells, membrane vesicles, proteoliposomes and oocyte from xenopus laevis. However, the physiological substrates of OCTN1 are still matter of discussion (Pochini et al., 2019 and Table 1). In term of transport efficiency the best substrate is the synthetic compound TEA, whereas carnitine is a poor substrate (Yabuuchi et al., 1999; Tamai et al., 2004; Pochini et al., 2019). Some studies suggest that OCTN1 mediate the uptake of a mushroom metabolite named ergothioneine, which probably exerts an anti-oxidant function in tissues exposed to ROS (Gründemann et al., 2005; Halliwell et al., 2016). Other studies demonstrated that this transporter mediates a sodium-regulated acetylcholine export suggesting a role of OCTN1 in the non-neuronal cholinergic system (Pochini et al., 2012, 2016), a ubiquitous pathway that modulates several cell functions, among which inflammation (Grando et al., 2015). Choline and acetylcarnitine have been identified as additional substrates using intact cells and proteoliposome transport assays (Pochini et al., 2015, 2016). OCTN1 is expressed in different cancer cell lines (Okabe et al., 2008). It is associated with sporadic CRC in early age, and its polymorphisms, such as L503F, may help to predict malignant progression of the disease in IBD patients (Martini et al., 2012). The involvement of OCTN1 in cancer metabolism, is probably unrelated to the poor ability of this transporter to mediate carnitine transport, however, it is interesting to know that OCTN1 is involved in the uptake of anti-cancer drugs (Table 1) such as Cytarabine (Drenberg et al., 2017), Camptothecin (Zheng et al., 2016), mitoxantrone and doxorubicin (Okabe et al., 2008).



General Features of CT2 (SLC22A16)

The plasma membrane carnitine transporter CT2 belongs to the SLC22 family as OCTN2. The gene, mapping on chromosome 6, has been identified in 2002 in two parallel studies that classified CT2 as the sixth member of the OCT subfamily (Enomoto et al., 2002; Gong et al., 2002). One of the two reports has been conducted using healthy tissues highlighting the very narrow CT2 expression that is present almost exclusively in the plasma membrane of Sertoli cells of the testis and in the luminal membrane of epididymal cells (Koepsell, 2013). On the contrary, the other work has been performed using leukemia cells showing that CT2 is indeed expressed in cancers. In terms of functional characterization, human CT2 can transport L-carnitine with a Km of 20.3 μM. The CT2-mediated transport is partially sodium-dependent and shows a preference for basic pH (Enomoto et al., 2002 and Table 1). Apart from this preliminary characterization, no other information is available and its physiological role remains uncertain. Given its peculiar tissue distribution, a role in the sperm maturation occurring in epididymal lumen has been proposed. The sperm maturation requires a high amount of carnitine that is accumulated in epididymal cells from blood, thanks to OCTN2 (Figure 2). Then, carnitine is released in the epididymal lumen via CT2 (Jeulin and Lewin, 1996; Enomoto et al., 2002; Cotton et al., 2010) where its measured concentration reaches 50–100 mM (Figure 2). In good agreement with this role, carnitine supply to patients with asthenozoospermia results in an increase of sperm motility. Concerning the regulation, CT2 seems to respond to progesterone stimuli (Sato et al., 2007); in line with this, CT2 is expressed at a higher level during the decidualization of the endometrium that is characterized by high progesterone levels (Sato et al., 2007; Tsai et al., 2014; Liang et al., 2018).



Implications of CT2 in Cancer

Unlike the restricted expression in healthy tissue, CT2 is largely expressed in several cancer types also originating from tissues that normally do not express this protein (Lal et al., 2007; Ota et al., 2007; Bray et al., 2010; Sagwal et al., 2018; Zhang et al., 2019 and Table 1). This denotes a profound rewiring of cancer cells concerning the carnitine linked metabolism. As an example, it is reported that the acute myeloid leukemia (AML) is strictly dependent on FAO. Knocking-down CT2 reduces the viability of tumors (Wu et al., 2015). Moreover, a recent study conducted using data of over 300 patients in 10 years, linked the up-regulation of CT2 with poor survival of gut cancer patients (Zhao et al., 2018). For the above-mentioned reasons, CT2 is considered a druggable target and has also been exploited for drug delivery. Many authors report this capacity to recognize and transport several types of anti-cancer drugs such as doxorubicin with high affinity (Okabe et al., 2005). In line with this, by using whole-exome sequencing on diffuse large B-cell lymphoma patients, a loss of the chromosomic region including CT2 gene in half of the patients has been shown. These patients experienced a lack of remission or early relapse at 24 months after diagnosis; this phenomenon has been linked with the increased resistance at doxorubicin treatment due to the lack of CT2 in the cell membrane that, in turn, impairs drug entry into cancer cells (Novak et al., 2015). The doxorubicin accumulation seems to be at the basis of the positive effects of the innovative anti-neoplastic treatment known as cold physical plasma used on different melanoma cell lines. This therapeutic approach is based on a gas treatment that induces the production of ROS/RNS able to specifically target cancer cells; interestingly, upon cold physical plasma treatment, the expression of CT2 is augmented explaining the parallel increase in doxorubicin accumulation (Sagwal et al., 2018). CT2 is also involved in the intracellular accumulation of bleomycin in human testicular cancer cells, which are sensitive to this drug (Table 1). In the same study, the human colon carcinoma cell line HCT116 was revealed to be less sensitive to the bleomycin treatment, in line with the very low expression of CT2 and with the metabolism based on glycolysis rather than on FAO (Aouida et al., 2010). Finally, cisplatin is also recognized as substrate by CT2: higher levels of CT2 expression in lung cancer was correlated to increased cellular uptake of cisplatin (Table 1). While, down-regulation of the transporter directly confers resistance against the drug, via decreasing the intracellular platinum concentration (Kunii et al., 2015).



General Features of ATB0,+ (SLC6A14)

ATB0,+ is a plasma membrane transporter belonging to the SLC6 family that includes amino acid transporters, neurotransmitter transporters, and osmolyte transporters (Pramod et al., 2013). The gene has been annotated in the human genome on the chromosome X, it is composed of 13 exons encoding only one splice variant, and has been cloned in 1999 (Sloan and Mager, 1999). ATB0,+ mediates the transport of all proteogenic amino acids except for aspartate and glutamate. Intriguingly, ATB0,+ also recognizes carnitine as a substrate, even though with a lower affinity (Km in the millimolar range) with respect to the amino acid substrates (Sloan and Mager, 1999; Bode, 2001) and to OCTN2 (Table 1). The transport reaction catalyzed by ATB0,+ occurs as a co-transport of 2Na+ and 1Cl– being highly concentrative and sensitive to membrane potential (Nakanishi et al., 2001). In contrast with OCTN2, ATB0,+ does not transport carnitine derivatives except for propionylcarnitine (Nakanishi et al., 2001). The subcellular localization of ATB0,+ is in the apical side of lung and intestine epithelia (Figure 2). In this location, the transporter is exposed to the external environment, and then, to bacteria (Rotoli et al., 2020). In agreement with this, ATB0,+ is up-regulated in inflammatory states, such as ulcerative colitis and Crohn’s disease (Broer and Fairweather, 2018). The interplay of ATB0,+ with lung bacteria has been suggested as responsible for modulating Pseudomonas aeruginosa attachment to human bronchial epithelial cells with consequent effects on lung disease severity in cystic fibrosis (Di Paola et al., 2017).



Implications of ATB0,+ in Cancer

In the last decade, the over-expression of ATB0,+ in several human cancers became a hallmark of this pathology similar to what it is described for other plasma membrane transporters (Bhutia and Ganapathy, 2016 and Table 1). This has been linked particularly with the ability of ATB0,+ to mediate high capacity transport of amino acids (Gupta et al., 2006; Ruffin et al., 2020) making this transporter a druggable target (Karunakaran et al., 2011). However, in light of its ability to mediate uptake of carnitine, it cannot be excluded that the over-expression of ATB0,+ is also responsible for providing this essential co-factor to those cells in which FAO is responsible for deriving energy required for cell growth and progression. ATB0,+ represents also a way to deliver drugs; in this respect, studies conducted employing fluorescently labeled nanoparticles, showed the co-localization of OCTN2 and ATB0,+ which are responsible for mediating the cellular uptake of L-carnitine conjugated nanoparticles (LC-PLGANPs) loaded with 5-fluorouracil (Table 1). As the expression levels of OCTN2 and ATB0,+ are higher in colon cancer cells than in normal colon cells, LC-PLGA NPs can be used to deliver chemotherapeutic drugs selectively to cancer cells for colon cancer therapy. These findings indicate a great potential of the dual-targeting strategy (Kou et al., 2017).



General Features of MCT9 (SLC16A9) and Implications in Cancer

MCT9 is a plasma membrane transporter belonging to the monocarboxylic acid transporter family SLC16 that counts 14 members. The gene has been identified in 1999 and annotated on chromosome 10 (Halestrap and Price, 1999). The majority of SLC16 proteins usually catalyze proton-linked transport of monocarboxylate substrates like lactic acid and pyruvic acid, while some members recognize aromatic amino acids and thyroid hormone (Halestrap and Wilson, 2012; Halestrap, 2013). In contrast with the other members of SLC16 family, MCT9 is responsible for carnitine, but also creatine, transport presumably at the basolateral membrane of enterocytes (Figure 2 and Table 1). In good agreement with this role, genome-wide association studies correlated SNPs occurring at the level of SLC16A9 gene, with carnitine, propionylcarnitine and urate levels in serum (Kolz et al., 2009; Demirkan et al., 2015). The transport mechanism of MCT9, described in Xenopus oocytes, revealed to be Na+ and pH-independent (Futagi et al., 2020). An important link with carnitine derives from chronic hepatitis B patients. HBsAg loss in this patient, which is the most important step forward to the recovery from disease, is strictly related to polymorphisms of SLC16A9 gene and, consequently to the carnitine levels (Jansen et al., 2014). A possible implication of MCT9 in some cancer types was reported: the transporter seems to be a good diagnostic target to distinguish benign from malignant adrenocortical tumors (Fernandez-Ranvier et al., 2008). Moreover, SLC16A9 is highly expressed in diffuse large B-cell lymphoma (Lim et al., 2015; Table 1).



General Features of CAC (SLC25A20)

Carnitine/acylcarnitine carrier belongs to the SLC25 family also called mitochondrial carrier family; its gene maps on chromosome 3 (Palmieri, 2013). It is well assessed that the CAC catalyzes the entry of acylcarnitines into the mitochondrial matrix in exchange for free carnitine (Figure 3 and Table 1). In mammals, CAC can accept acylcarnitines with acyl chains of various lengths from 2 to 18 carbon atoms as substrates, but it showed a higher affinity for acylcarnitines with longer carbon chains (Indiveri et al., 2011). CAC is crucial in the control of the influx of acyl units into mitochondria and hence of FAO (Figures 2, 3). CAC transport activity is finely regulated by post-translational modifications. It has been demonstrated that acetylation of some lysine of CAC inhibits the uptake of carnitine into mitochondria and hence negatively affect FAO (Giangregorio et al., 2017). Interestingly, the citrate carrier (SLC25A1), involved in fatty acid synthesis (Figure 2), is activated by acetylation (Palmieri et al., 2015). CAC is extremely sensitive to the redox state of the cell. In particular, the oxidation state of two out of six cysteines controls the CAC via the formation of a disulfide bridge that switches off the transporter activity. In this respect, it is interesting that gasotransmitters, such as NO or H2S, can act on the same two cysteine residues modulating the CAC function (Giangregorio et al., 2016; Tonazzi et al., 2017). It is reported that the expression of CAC is up-regulated by statins, fibrates and retinoic acid. As for OCTN2 and several other enzymes involved in FAO, also the expression of CAC is regulated by PPAR-α. While other reports exclude that CAC could be regulated by PPAR factors (Indiveri et al., 2011).



Implications of CAC in Cancer

To date, the correlation between CAC and cancer has received little attention, and only a few studies have reported a link between the altered expression of CAC and cancer (Table 1). As previously described, prostate cancer cells are more prone to FA utilization than normal prostate cells. A great contribution to FAO deregulation is due to the down-regulation of the same microRNAs that target CPT1A, CAC, and CAT. In particular, miR-129-5p, which shows an aberrant expression level in prostate cancer, seems to regulate the CAC expression. Forced expression of these miRNAs in prostate cancer cells, PC3 and LNCaP, results in reduced expression of CPT1A, CAC, and CAT, and hence, negatively affects FAO. This has, as a consequence, the interference with the adaptive metabolic reprogramming in prostate cancer cells (Valentino et al., 2017). Moreover, another microRNA, that is miR-212, has an aberrant expression in prostate cancer and has been shown to directly target CAC (Soni et al., 2014). These observations suggested the mitochondrial carnitine system as a potentially druggable pathway for prevention and treatment of prostate cancer (Valentino et al., 2017). Furthermore, significant alterations in the carnitine/acylcarnitine pathway were detected in bladder cancer patients. In patients with non-muscle invasive bladder cancer, the expression of CAC was significantly down-regulated compared to normal bladder tissues. A similar result was achieved also for CPT1B, CPT1C, and CAT (Kim et al., 2016). CAC seems to be a target of a first-in-class treatment for the precancerous skin condition actinic keratosis. The diterpenoid ester ingenol mebutate (IngMeb) induces cell death causing mitochondrial dysfunction and local inflammatory response. A photoreactive analog of IngMeb together with quantitative proteomic experiments were used to discover targets of IngMeb in human cancer cell lines and primary human keratinocytes. Among others, CAC results as the most prominent target of IngMeb. This drug impairs FAO through the inhibition of CAC transport activity and this can explain, at least in part, the IngMeb pharmacological mechanism of action (Parker et al., 2017). Another intriguing observation is that a relationship between the composition of the cardiolipin, the most abundant phospholipid of the inner mitochondrial membrane, and cancer cell proliferation has been found. Cardiolipin is made of a central glycerol backbone carrying four acyl groups. The nature of these acyl groups seems to be difference between cancer and normal cells (Kiebish et al., 2008). The link between the acyl composition of cardiolipin and CAC lies in the fact that this special lipid is essential for the transport activity of CAC (Tonazzi et al., 2015). If the up- or down-regulation of CAC causes an increase or decrease of mitochondrial carnitine remains to be established. It is plausible that the CAC mostly influences the rate of translocation of acyl moiety to the mitochondrial matrix. Indeed, a direct link between the activity of the CAC and the β-oxidation rate has been proposed (Indiveri et al., 2011; Tonazzi et al., 2015).



CONCLUSION

The maintenance of carnitine homeostasis is crucial for cell life in physiological and pathological conditions in which FAO occurs at a high rate. Carnitine, indeed, plays the key role of shuttling acyl groups through intracellular membranes for FAO. Several human cancers rely on FAO for their development and progression to malignancy. Furthermore, carnitine is crucial in the regulation of the acyl-CoA/CoA balance, which in turn, modulates the carbohydrate and the lipid metabolisms. The carnitine and acylcarnitine traffic could not occur without the concerted activity of dedicated membrane transporters localized at the cell surface and in intracellular organelles. In line with the depicted scenario, derangements of the transporters regulating carnitine traffic and hence, carnitine homeostasis was found in several human cancers. For this reason, these proteins represent potential targets for anti-cancer therapy and should be added to the existing list, including sugar and amino acid transporters, which are already considered druggable targets. In particular, changes in the expression/function of OCTN2 and CT2 have been observed in human cancers indicating that cell supply of carnitine is strictly regulated during cancer development and that chemical KO of these proteins may serve as a strategy to impair energy production from FAO. Curiously, CT2 that, in normal conditions, has a very narrow and specific tissue distribution, becomes widely expressed in cancers even originating from tissues in which CT2 is normally not present, further highlighting the carnitine role in human cancers. The appearance of CT2 in cancers is shared with another plasma membrane transporter responsible for regulating the traffic of essential amino acids, that is LAT1 (SLC7A5; Scalise et al., 2018). Noteworthy, these two membrane transporters are also responsible for drug uptake in the cell, further highlighting their role in developing novel anti-cancer approaches and/or improving those already existing. Indeed, CT2 and OCTN2 mediate the uptake of several anti-cancer drugs such as doxorubicin and oxaliplatin, respectively. Then, changes in their expression or activity may explain the ineffectiveness of some treatments and it may be exploited to improve the delivery of drugs also in the form of carnitine-derivatives.
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Cancer cells are characterized by quick growth and proliferation, demanding constant supply of various nutrients. Several plasma membrane transporters delivering such compounds are upregulated in cancer. Solute carrier family 6 member 14 (SLC6A14), known as amino acid transporter B0,+ (ATB0,+) transports all amino acids with exception of the acidic ones: aspartate and glutamate. Its malfunctioning is correlated with several pathological states and it is upregulated in solid tumors. The high expression of SLC6A14 is prognostic and unfavorable in pancreatic cancer, while in breast cancer it is expressed in estrogen receptor positive cells. As many plasma membrane transporters it resides in endoplasmic reticulum (ER) membrane after translation before further trafficking through Golgi to the cell surface. Transporter exit from ER is strictly controlled. The proper folding of SLC6A14 was shown to be controlled from the cytoplasmic side by heat shock proteins, further exit from ER and formation of coatomer II (COPII) coated vesicles depends on specific interaction with COPII cargo-recognizing subunit SEC24C, phosphorylated by kinase AKT. Inhibition of heat shock proteins, known to be upregulated in cancer, directs SLC6A14 to degradation. Targeting proteins regulating SLC6A14 trafficking is proposed as an additional pharmacological treatment of cancer.
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INTRODUCTION

All cells need a constant supply of necessary nutrients for their proper functioning, as well as removal of metabolic products. The polar and ionized small molecular weight compounds are capable to cross the lipid bilayer of the plasma membrane due to functioning of transporting proteins - solute carriers (SLC), coded in humans by more than 400 genes. Based on their homology and similarity, the SLC genes are divided into 65 families1 according to the following convention: SLCnXm, where n is the number of the family, X-the letter indicating a subfamily, m-the member of the family. Currently, the traditional names indicating the transporter function and specificity have been replaced by the SLCnXm names also for the proteins.

Among the hallmarks of cancer cells is their ability for quick growth and proliferation (Hanahan and Weinberg, 2011), what relies on energy delivery and on anabolic processes. Several SLCs have been reported to be upregulated in cancer. Among them there is a glucose transporter GLUT1 – SLC2A1 (Yamamoto et al., 1990; Yu et al., 2017), delivering glucose for aerobic glycolysis (so-called Warburg effect), but as well for synthesis of ribose, serine and protein glycosylation. The nucleoside transporters from SLC28 and SLC29 families, found in most, possibly all, cell types, not only deliver substrates for nucleotide synthesis [for review, see Young (2016)], but have become targets for nucleoside-derived drugs used, among others, in the treatment of solid tumors (Pastor-Anglada and Perez-Torras, 2015).

Quickly proliferating cancer cells demand also a supply of amino acids, not only the essential ones. Amino acids are necessary for protein synthesis but also for some other processes, as de novo biosynthesis of nucleotides, indispensable in energy metabolism and nucleic acids synthesis, as well as in signal transduction. Glutamine and aspartate are the substrates for de novo 6-steps synthesis of pyrimidine nucleotide uridine 5′-monophosphate (UMP) and, after formation of UTP, glutamine is an amino group donor for formation cytidine nucleotide by CTP synthase. A 10-steps buildup of purine nucleotide ring demands glutamine, glycine and aspartate, as carbon donors, beside ATP and N10-formyl H4-folate (tetrahydrofolate). This leads to formation of inosine 5′-monophoshate, a precursor of GMP and ATP, whose formation demands presence of glutamine and aspartate, respectively. Amino acids are also necessary for tetrahydrofolate metabolism as C1 unit donors: serine and histidine are necessary to form methylene tetrahydrofolate or methenyl tetrahydropholate, respectively. Last, but not least, glutamine, after conversion to glutamic acid is a precursor of non-essential amino acids [for review, see Wise and Thompson (2010)]. Studies with use of 13C NMR spectroscopy demonstrated another role of glutamine, namely its high rate metabolism in transformed cells. It has been observed that glutamine contributes to ATP production through conversion to glutamate and α-ketoglutarate (Scalise et al., 2017). Since glutamine uptake in cancer cells exceeds its incorporation to proteins in cancer, its metabolism has been studied in more detail. The tracer studies with [U-13C, U-15N] L-glutamine showed that it is metabolized in mitochondria and through glutamate and α-ketoglutarate forms fumarate and malate. A part of malate is converted to oxaloacetate and citrate in the TCA reactions. Another part of malate is exported to cytoplasm and is converted to pyruvate by malic enzyme 1 (Murai et al., 2017). This reaction generates NADPH, pyruvate and CO2. Citrate exported from mitochondria is a donor of acetyl moiety due to citrate lyase reaction, which produces malate as well [for review, see Wise and Thompson (2010)]. Since both NADPH and citrate formed in the tricarboxylic acid cycle, as a donor of acetyl moiety, are necessary for fatty acid synthesis, glutamine metabolism could lead to augmented membrane synthesis, necessary for cell growth and proliferation. Moreover, it should be added, that another amino acid – serine is a precursor of ethanolamine and choline necessary for the synthesis of phospholipids.

The augmented anabolic processes and the important function of abovementioned amino acids in growth and proliferation result in up-regulation of several amino acid transporters in cancer. They comprise exchangers SLC7A5 (LAT1), SLC7A11 (xCT), SLC1A5 (ASCT2) and a protein catalyzing a net amino acid uptake SLC6A14 (ATB0,+) [for review, see Bhutia et al. (2015)].

SLC7A5 (LAT1), highly expressed in many, although not all, cancers (Fuchs and Bode, 2005; Kaira et al., 2008) transports mainly essential amino acids, is specific toward branched-chain- and bulky amino acids and the influx of one substrate is coupled with removal of another amino acid from the cell. SLC1A5, whose historic name ASCT2 comes from alanine, serine and cysteine catalyzes an inward transport of Ala, Val, Met and bidirectional transport of Ser, Thr, Asn, and Gln, while Cys was shown to trigger the efflux reaction, without being transported itself (Scalise et al., 2015). Although the transport is electroneutral, it is coupled with Na+ in both directions. It was proposed that the activities of both transporters are coupled: SLC1A5 transports glutamine to the cell in an exchange reaction, while efflux of glutamine is catalyzed by SLC7A5 in an exchange with leucine entering the cell (Scalise et al., 2016). However, the measurements of [3H]His transport by LAT1 reconstituted in proteoliposomes showed almost complete inhibition by hydrophobic amino acids Ile, Val, Leu, Cys, Met, while Phe and Ala inhibited His transport to much lower extent. Inhibition by Gln was below 50%, pointing to much lower affinity of SLC7A5 for glutamine (Napolitano et al., 2015). Amino acids, including leucine and glutamine, are necessary for cell growth and proliferation, processes augmented in cancer cells and controlled by mechanistic target of rapamycin (mTOR) regulating cell growth, what leads to protein translation and macrophagy inhibition (Nicklin et al., 2009; Efeyan et al., 2015; Duval et al., 2018). SLC7A11 (xCT) catalyzes uptake of cystine in an exchange with glutamate and, through formation of cysteine, increases the level of glutathione in the cell, protecting the cell from oxidative stress (Lewerenz et al., 2013).

What is interesting, the expression of genes coding these three transporters is regulated by oncogenic transcription factor c-Myc (Hayashi et al., 2012; Bhutia et al., 2015; Wang and Holst, 2015; Grzes et al., 2017; White et al., 2017; Zhao et al., 2019).


SLC6A14 – A Transporter With Broad Substrate Specificity

SLC6A14 is coding a plasma membrane transporter called system B0,+ (amino acid transporter ATB0,+) specific toward neutral (index “0”) and basic (index “+”) amino acids. On the contrary to the amino acid exchangers mentioned above, it transports one molecule of amino acid in a symport with 2 Na+ and 1 Cl–, using as well the transmembrane potential (Sloan and Mager, 1999).

As presented in Table 1, ATB0,+ is a member of SLC6 family of neurotransmitter, osmolyte and amino acid transporters, comprising 4 subfamilies: (i) osmolyte, creatine, GABA transporters, (ii) monoamine neurotransmitter transporters, (iii) amino acid transporters (I), and (iv) amino acid transporters (II) [for review, see Broer and Gether (2012)]. The majority of these transporters were cloned at early 90-ties, especially neurotransmitter transporters. All of them demand Na+ and, with the exception of SLC6A15 and SLC6A19, also Cl–.


TABLE 1. Transporters from SLC6 family.

[image: Table 1]Additionally, the SLC6A4 after translocation of serotonin, Na+ and Cl– to the cell, translocates K+ outside (Gu et al., 1994).

SLC6A14 was cloned in 1999 from human mammary gland cDNA (Sloan and Mager, 1999). Its gene is located at chromosome X (Xq23) with the current location 116436606.116461458 (NC_000023.11). It contains 14 exons (each about 100–200 base pairs in length), coding a 642 amino acid protein. Hydrophobicity prediction of this protein suggested 12 putative transmembrane domains with both N- and C-termini localized intracellularly. Such topology, at least with the C-terminus localized at the cytoplasmic side was confirmed with the overexpressed transporter with a C-terminally added tag (3xFLAG), since the transporter was not detected in non-permeabilized cells, while the immunofluorescence signal of anti-FLAG antibody was detected after permeabilization (Samluk et al., 2012). SLC6A14 was not crystallized, anyhow, it has been predicted to have a core structure of the bacterial LeuT transporter (Yamashita et al., 2005). Recently, however, the structural model was proposed using a chimeric model based on the crystal structure of Drosophila DAT and the structure of phosphofructokinase from S. cerevisiae, as a model for the second extracellular loop (Palazzolo et al., 2019). Using the molecular dynamics simulation and a molecular docking procedure with SLC6A14 substrates, the authors presented a model with 2 binding sites for substrates/inhibitor (S1 and S2) and co-transported ions (Na1 and Na2). They defined several amino acid residues in binding of particular amino acids with Try52, Gly57, Val 128, Ser322 composing an ensemble orienting the substrates. They also proposed Tyr321 at the bottom of S2 site to be involved in gating, while Arg104 and Asp479 define the S1 binding site.

Possibility of several post-translational modifications was predicted from amino acid sequence (Sloan and Mager, 1999).

Phosphorylation by protein kinase C (PKC) has been proven experimentally, moreover, activation of this kinase with phorbol ester augmented level of phosphoserine in ATB0,+, a process reversed by PKC inhibitor bis-indolylmaleimide (Samluk et al., 2010, 2012). Phorbol ester treatment resulted as well in a shift of pI of ATB0,+ in 2-D electrophoresis (Czeredys et al., 2013). It should be noted that, as demonstrated in experiments using biotinylation of surface proteins, activation of PKC was correlated with an increase of the transporter in the plasma membrane and with the increase of leucine uptake (Samluk et al., 2010, 2012). The observed sensitivity of ATB0,+, to phorbol ester treatment suggested an involvement of classical and/or novel isoform of PKC (Newton, 1995) and co-precipitation experiments and immunofluorescence analysis demonstrated an interaction of ATB0,+ with the isoform α of PKC (Samluk et al., 2012). Sloan and Mager (1999) predicted also seven possible glycosylation sites on the second putative extracellular loop and one on the third putative extracellular loop. In a model structure of LeuT bacterial transporter glycosylation sites were found at the second extracellular loop, a localization confirmed by crystallization of SERT in which N-acetylglucoseamine electron density were found to be linked to Asn moieties of the second extracellular loop (Coleman et al., 2016). As shown by Kovalchuk et al. (2019), ATB0,+ overexpressed in HEK293 cells was sensitive to deglycosylating enzymes: peptide-N4-(acetyl-β-glucosaminyl)-asparagine amidase (PNGase F, EC 3.5.1.52) and endoglycosidase (Endo H, EC 3.2.1.96), confirming the presence of glycosylated form of the transporter in the plasma membrane.

SLC6A14 was shown to be expressed in lung, trachea, salivary gland and also in stomach, mammary gland and in hippocampus (Sloan and Mager, 1999). At the protein level SLC6A14 was detected in colonic epithelium apical membrane (Ahmadi et al., 2018), at the apical membrane of brain capillary endothelial cells forming the blood-brain barrier (Michalec et al., 2014) and in cultured astrocytes (Samluk et al., 2010). It was also detected in rabbit corneal epithelium (Jain-Vakkalagadda et al., 2004).

SLC6A14 with its broad substrate specificity has the highest affinity (Km below 50 μM) for non-polar amino acids Ileu, Leu, Met, Val, and for Ser (Sloan and Mager, 1999). It was as well shown to transport several D-amino acids, such as D-Ser, D-Ala, D-Met, D-Leu and D-Trp (Hatanaka et al., 2002). This can explain the important physiological role of this transporter present in the colon in absorption of amino acids (Ugawa et al., 2001), including the bacteria-derived D-amino acids, in particular D-Ser, known to be an important modulator of N-methyl-D-aspartate (NMDA) receptors in the brain (Matsui et al., 1995). Although D-Ser is synthesized by glial cells (Wolosker et al., 1999), an additional transport of this amino acid by SLC6A14 present in the blood-brain barrier (Michalec et al., 2014) can lead to its increased level in the brain. SLC6A14 was also shown to transport non-proteinogenic amino acids. In the ileum and colon it transports β-alanine (Anderson et al., 2008), a component of the dipeptide carnosine (β-alanine-L-histidine) found in skeletal muscles (Harris et al., 2006). It transports as well L-carnitine (Nakanishi et al., 2001), a compound necessary for transfer of fatty acid acyl moieties to mitochondria, where they undergo β-oxidation [for reviews, see Kerner and Hoppel (2000), Juraszek and Nalecz (2020)]. Although SLC6A14 transports carnitine with a very low affinity in comparison with an ubiquitously expressed high affinity carnitine transporter SLC22A5 (OCTN2), it can partially rescue carnitine supply in case of SLC22A5 mutations. Such a case was observed in not changed carnitine accumulation in the brain in a mouse strain with functionally defective OCTN2 (Kido et al., 2001). SLC6A14 was also proposed to take over the defective OCTN2 and to mediate transport of butyryl-L carnitine, a compound used for treatment of ulcerative colitis (Srinivas et al., 2007).

Although acidic amino acids are not the substrates of SLC6A14, the β-carboxyl derivatives of aspartate and γ-carboxyl derivatives of glutamate were shown by electrophysiological methods to be transported (Hatanaka et al., 2004). Also the valyl esters of acyclovir and ganciclovir were shown to be transported by overexpressed SLC6A14 (Hatanaka et al., 2004; Umapathy et al., 2004), what indicates a potential role of this transporter as a target for delivery of amino acid-based drugs and prodrugs [for review, see Ganapathy and Ganapathy (2005)]. Moreover, SLC6A14 transports as well the side chain hydroxyl group esters of Ser and Thr (Ganapathy and Ganapathy, 2005) and it was shown to transport zwitterionic or cationic inhibitors of nitric oxide synthase (Hatanaka et al., 2001).



Physiological Consequences of SLC6A14 Malfunction

As mentioned above, SLC6A14 (ATB0,+) is expressed in colon, where it can absorb amino acids from intestinal content, including the D-isomers (Ugawa et al., 2001). The levels of SLC6A14 mRNA are higher in colonal mucosal specimens from patients with Crohn’s disease, when compared to control samples (Eriksson et al., 2008).

SLC6A14 (ATB0,+) is expressed in mammalian blastocysts in species (mouse, rat, human) in which blastocysts undergo the implantation stage with the penetration to uterine epithelium (Schlafke and Enders, 1975), a process regulated by 4-hydroxy-17β-estradiol and β1 integrins (Schultz et al., 1997; Paria et al., 1998). It was shown that trophoblast motility was triggered by uptake of leucine through mTOR and polyamine signaling about 20 h before implantation and that activity of ATB0,+ was suppressed by uterine environment 12–25 h after estrogen administration (Van Winkle et al., 2006). Therefore, SLC6A14 was proposed to regulate trophoblast motility and to protect blastocysts from immunological rejection and, through supply of amino acids, to influence embryo nutrition and birth weight (Van Winkle et al., 2006). Of note, undernutrition of embryo is correlated with an increased risk of developing obesity. Interestingly, single nucleotide polymorphism (SNP) in the 3′-untranslated region of SLC6A14 gene was associated with obesity of Finnish population (Suviolahti et al., 2003; Tiwari and Allison, 2003). SNPs in SLC6A14 were also detected in obese French Caucasians (Durand et al., 2004). It was proposed that this association with obesity resulted from availability of a SLC6A14 substrate – Trp, a precursor of serotonin, which controls appetite (Suviolahti et al., 2003). Another study correlated SNPs in SLC6A14 gene with susceptibility to male infertility/subfertility in Macedonian/and Slovenian populations (Noveski et al., 2014), a phenomenon proposed to depend as well on availability of Trp and serotonin, associated with testosterone synthesis (Tinajero et al., 1993).

SLC6A14 has been also proposed (Ruffin et al., 2020) to modify the phenotype of cystic fibrosis (CF) – a fatal genetic disorder caused by mutations in the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene (Riordan et al., 1989; Rommens et al., 1989). Genome-wide analysis of CF patients from France and North America associated SNPs in SLC6A14 and SLC26A9 genes (Sun et al., 2012), the latter one coding the Cl–/CO32– exchanger. The authors proposed that variations in these transporters under conditions of loss of CFTR function can be associated with meconium ileus – a severe intestine obstruction at birth, which occurs in 15% of CF patients. Ahmadi et al. (2018) showed in CF-mice model that disruption of Slc6a14 inhibited by 75% transport of arginine, what worsened fluid secretion in colonic epithelium and affected nitric oxide →cGMP → protein kinase G (PKG) - mediated regulation of CFTR.



SLC6A14 and Cancer

Expression of SLC6A14 gene is significantly increased in several human cancer cell lines as well as in patients samples, in particular from solid tumors. The analysis of Cancer Genome Atlas (ACGA) database shows its upregulation in 12 different tumors with the greatest upregulation in pancreatic, cervical and colorectal cancer (Sikder et al., 2017).

RNA sequencing applied to examine expression of genes in the paraffin-embedded tissues of patients with low– and high-grade squamous intraepithelial lesions and compared with the normal cervical epithelium detected SLC6A14 among differentially expressed and upregulated genes (Royse et al., 2014). Use of commercial array of cDNA from squamous cell carcinoma patients and control normal tissues, as well as the fluorescence studies of cancer specimens demonstrated almost 6-fold upregulation of SLC6A14 at mRNA and protein level in cancer samples (Gupta et al., 2006). Of note, the transporter was observed to co-localize with inducible nitric oxide synthase (iNOS), also upregulated in cervix cancer. Since high levels of nitric oxide (NO) lead to apoptosis and have been associated with protumorigenic effects, SLC6A14 capable of transporting NOS inhibitors could become a therapeutic target through decreasing NO formation. Interestingly, an increase of iNOS was also detected in colorectal cancer samples (Gupta et al., 2005). Semi-quantitative RT-PCR analysis demonstrated about 20-fold increase of ATB0,+ mRNA in surgical specimen of patients with colorectal cancer, as well as in metastases in liver and lymph node. Moreover, both transcripts resulting from alternative splicing increased in cancer cells. The increase of SLC6A14 was also detected at protein level what suggests a pathogenic role of the transporter in colorectal cancer (Gupta et al., 2005). Recently, the upregulation of SLC6A14 was reported in most human colon cancer cell lines and in a majority of patient-derived xenografts (Sikder et al., 2020). The deletion of Slc6a14 protected mice from colon cancer, while it’s silencing or blocking with its specific blocker - α-methyltryptophan (α-MT) (Karunakaran et al., 2008) led to a reduced tumor growth and suppressed proliferation due to autophagy and apoptosis. Wnt signaling was reported to be involved in cancer progression, since SLC6A14 expression was shown to be reduced by silencing of β-catenin with shRNA and incubation of cancer cells with Wnt antagonist, while an opposite effect was observed after Wnt agonist treatment and β - catenin overexpression (Sikder et al., 2020). Transcription factor TCF4 (T-cell factor 4) is known to be indispensable for tumor initiation (Hrckulak et al., 2018) and TCF4/β-catenin transcriptional activity mediated by Wnt signaling was proposed to control upregulation of SLC6A14 in colon cancer. This was confirmed by binding of TCF4/β-catenin to promoter of SLC6A14, in which four TCF4 binding motifs were found by nucleotide blast (Sikder et al., 2020).

SLC6A14 was also detected by next generation sequencing in a lymph-node negative subtype of prostate cancer, in one of the most widely represented subtype with the expression of the fusion transcript TMPRSS2-ERG, associated with unfavorable survival prognosis (Pudova et al., 2019).

On the contrary to the above-mentioned cancers the transcriptome profiling of biopsies from patients with ulcerative colitis showed that SLC6A14 was among the top 10 downregulated genes (Low et al., 2019).

Karunakaran et al. (2011) showed upregulation of SLC6A14 in estrogen receptor–positive breast cancer tissues and breast cancer cell lines. They found several putative estrogen receptor-binding sites in the SLC6A14 promoter and confirmed the promoter activity after estradiol treatment with luciferase as reporter. Estradiol treatment increased SLC6A14 expression in estrogen receptor-positive cell line, while anti-estrogens treatment with tamoxifen reversed this effect (Karunakaran et al., 2011). Treatment of MCF7 - an estrogen receptor-positive cell line with α-MT - a selective blocker of the transporter (Karunakaran et al., 2008) led to amino acid deprivation and induced autophagy, while co-treatment with autophagy inhibitor led to apoptosis and cell death. These phenomena were not detected in SLC6A14 negative cells and the involvement of SLC6A14 was further confirmed by silencing its gene. Moreover, in the mouse xenograft studies administration of a-MT reduced tumor volume in case of estrogen receptor-positive cancer cells (Karunakaran et al., 2011). When the Slc6a14 KO mice were crossed with model mouse lines developing a spontaneous breast cancer, the development of tumor was significantly delayed and its growth was decreased on Slc6a15–/– background. Deletion of Slc6a14 resulted in amino acid deficiency what led to a decrease in mTOR phosphorylation and attenuated expression of genes controlled by HIF1α signaling (Babu et al., 2015). It should be noted, however, that although the majority of breast tumors are estrogen receptor α positive, about 40% of patients acquire resistance to endocrine therapy, affecting either the estrogen receptor itself or the conversion of androgens to estrogens. A global transcription analysis reveals downregulation of SLC6A14 and an enhanced expression of miR-23b-3p in endocrine therapy resistant breast cancers, what correlates with a prosurvival autophagy and a selective upregulation of SLC1A2 and results in an increased uptake of Glu and Asp (Bacci et al., 2019). It should be added that miR-23b-3p expression is upregulated by a transcription factor GATA2, reported to promote progression of breast cancer (Wang et al., 2012). Also 4 other miRNA were predicted to regulate SLC6A14 in cancer, their role, however, has to be investigated (Sikder et al., 2017).

Gene expression omnibus database analysis showed 13- to 163-fold increase of SLC6A14 expression in pancreatic tumors, when compared with normal pancreatic tissue, an increase much higher than the increase of expression of other amino acid transporters: SLC1A5, SLC7A5, SLC7A11 (Coothankandaswamy et al., 2016). Moreover this upregulation was also confirmed at protein level in a tissue microarray and immunofluorescence quantification (Coothankandaswamy et al., 2016). Many tumors can be detected by imaging techniques such as magnetic resonance imaging or computer tomography, the techniques not sensitive enough to detect the early stages of pancreatic ductal adenocarcinoma, in particular in diffusely infiltrating subgroup of tumors, so finding the diagnostic markers is of high importance. Taking into account the previous reports on functional imaging of sodium iodine symporter in thyroid cancer as well as use of 18FDG PET (18Fdeoxyglucose positron tomography) imaging to trace the SLC2A1 (GLUT) level known to be upregulated in many cancers, (Penheiter et al., 2015) performed a transcriptomic analysis of in human pancreatic ductal adenocarcinoma samples obtained by laser capture microdissection. The microarray and RNAseq showed 15 SLC transporters being overexpressed when compared with the normal tissue; among them (apart from glucose transporter SLC2A1) lactate transporter SLC16A3 and SLC6A14, which was overexpressed at least 2-fold in cancer patients. This increase in mRNA was further confirmed at protein level and more than 75% of tumor cells were stained with anti-SLC6A14 antibody (Penheiter et al., 2015). Interestingly, the transporter was predominantly detected in the cytoplasm. Based on the data from Protein Atlas2 survival prognosis at either low or high SLC6A14 expression level was found prognostic for pancreatic cancer, being unfavorable at high SLC6A14 expression (Table 2), although the cohorts were relatively small. Another study using an integrated microarray analysis of differentially expressed genes detected 596 upregulated and 540 downregulated genes in pancreatic cancer, when compared with non-tumor control (Yang et al., 2020). SLC6A14 was found among possible diagnostic and prognostic genes, together with AHNAK2, CDH3, IFI27, ITGA2, LAMB3, and TMPRSS4. The upregulated genes were annotated to such processes as cell proliferation, apotosis, protein binding and the analysis of enriched genes showed involvement in pancreatic secretion and p53 signaling, MAPK signaling and insulin signaling pathways (Yang et al., 2020).


TABLE 2. Analysis of cancer patient survival correlated to SLC6A14 expression.

[image: Table 2]Another study (Cheng et al., 2019) analyzing differentially expressed genes in pancreatic cancer also detected SLC6A14 among the top ten upregulated genes and survival analysis of seven of these genes (TMPRSS4, SERPINB5, SCEL SCL6A14, TMC7, SLC2A1, CENPF) is associated with patient poor prognosis. The higher expression of these genes was confirmed at protein level with tissue microarray chips and detection with the corresponding antibodies. The retrospective clinical study showed that patients with high level of these genes had significantly shorter survival time. Further experiments with pancreatic cancer cell lines treated with shRNA showed that SLC6A14 knock-down decreased the invasion of cancer cells, as measured in the transwell assay (Cheng et al., 2019).

This upregulation of SLC6A14 in pancreatic cancer makes it not only a good candidate as a marker but may make it a drugable target. Experiments performed with pancreatic cancer cells characterized by various SLC6A14 expression level showed that treatment with α - MT - SLC6A14 blocker, led to amino acid starvation of cells with high SLC6A14. This was not observed in normal pancreatic cell lines. Moreover, blocking of the transporter in the cells with its high expression promoted formation of autophagosomes, suppression of mechanistic target of rapamycin complex 1 (mTORC1) signaling and reduction of migration and invasive properties. α-MT treatment also reduced hypoxia-inducible factor 1α (HIF-1α), usually overexpressed under hypoxic condition of a tumor. Silencing of SLC6A14 with shRNA led also to a decrease in transport of glycine, one of the SLC6A14 substrates. The same authors verified the effect of α-MT treatment in pancreatic cancer cells in mouse xenographs. A marked reduction of tumor growth was observed when α-MT was administered before injection of tumor cells and the treatment was continued, while tumors stopped growing, when α-MT was administered after tumor had grown. A reduction of tumor growth was also observed in xenographs obtained with cancer cells, in which SLC6A14 was knocked-down (Coothankandaswamy et al., 2016). These experiments demonstrated in an elegant way that α-MT can be a pharmacological tool used in tumors with a high SLC6A14 level.

It has to be added that α-MT is a blocker of SLC6A14, while 1-methyltryptophan is a transportable substrate (Karunakaran et al., 2008). 1-Methyltryptophan is used as a pharmacological inhibitor of indoleamine 2,3-dioxygenase (Cady and Sono, 1991), a cytosolic enzyme, whose inhibition activates immune system leading to killing of cancer cells (Hou et al., 2007). So SLC6A14 can be a target in cancer treatment, either by blocking the transporter with α-MT, what results in an arrest of cells at G1/G0 stage, amino acid deprivation and autophagy, or by affecting tumor-associated immune cells (Karunakaran et al., 2008, 2011).

SLC6A14 can be used as a target for prodrugs, since it accepts esters of hydroxyl group of serine, threonine and tyrosine (Bhutia et al., 2014), as well as drugs conjugated with glutamate and aspartate, such as valacyclovir and valganciclovir (Hatanaka et al., 2004; Umapathy et al., 2004). Beside the abovementioned compounds, the conjugates of acyclovir, ganciclovir irinotecan have been proposed as prodrugs in anti-cancer therapy (Scalise et al., 2020), while butyryl-L-carnitine was proposed for treatment of gut inflammation (Srinivas et al., 2007).

SLC6A14 can be also used as a target for liposomal drug delivery. Aspartate polyoxyethylene stearate conjugate covered liposomes targeting SLC6A14 transporter were shown to increase efficiency of encapsulated docetaxel delivery to human lung cells (Luo et al., 2017). Another study showed that binding of lysine conjugated liposomes to breast cancer MCF7 cells was higher than that of bare liposomes, a process inhibited by α-MT. The further internalization by endocytosis allowed delivery of gemcitabine (chemotherapeutic used in pancreatic cancer treatment) leading to cytotoxicity and, although the transporter is partly degraded, it recovers after some time (Kou et al., 2020). This may lead to novel strategy in nanodelivery of drugs to cancer cells.

It is worth noting that SLC6A14 activity can be detected by a non-invasive method using the cationic amino acid O-2(2-[18F]fluoroethyl)methyl-amino)ethyltyrosine in PET (Muller et al., 2014).



Regulation of SLC6A14

Presence of any plasma membrane transporter at the cell surface, a sine qua non-condition of its function, can be regulated at several steps, as transcription of its gene, regulation of translation and trafficking in vesicles to the plasma membrane. Moreover, localization and activity can be regulated by post-translational modifications. As mentioned above, transcription of SLC6A14 can be regulated by estrogen receptor (Karunakaran et al., 2011) and by TCF4 transcription factor (Sikder et al., 2020). It has to be, however, emphasized, that the prognosis in various types of cancer was based on the mRNA level, what does not fully correlate with the amount of protein, in particular presence in the plasma membrane what is necessary for transporter function.

As any hydrophobic plasma membrane protein, SLC6A14 is inserted to the membrane of endoplasmic reticulum (ER) co-translationally. On the contrary to secreted proteins, it does not have a signal sequence, cleaved later-on3. The first transmembrane domain of α-helical structure, formed already within the ribosomal tunnel (Martinez-Gil et al., 2011; Park and Rapoport, 2012; Gogala et al., 2014), is inserted to the ER membrane bilayer by a lateral movement from a proteinaceous channel (Martinez-Gil et al., 2011; Park and Rapoport, 2012), followed by insertion of the other transmembrane helices. The proper folding of any transmembrane protein is strictly controlled. The first steps of glycosylation, so called core-glycosylation, take place in the ER lumen: The initial N-glycan: Glc3Man9GlcNAc2 (Glc – glucose, Man – mannose, GlcNAc – N-acetylglucosamine) is transferred to a nascent polypeptide from dolichol phosphate linked precursor and, after trimming two glucose residues (Moremen et al., 2012) undergoes a quality check, by two lectin chaperons acting in the ER lumen: soluble calretinin and membrane bound calnexin (Lederkremer, 2009; Chevet et al., 2010). As shown by Kovalchuk et al. (2019), SLC6A14 co-localizes with calnexin, moreover, the core-glycosylated species of the transporter, characterized by lower Mr than the fully glycosylated one can be detected by Western blot. Inhibition of SLC6A14 exit from ER results in accumulation of core-glycosylated transporter and directs the protein to ER-associated protein degradation (ERAD) (Kovalchuk et al., 2019). The further glycosylation steps take place in Golgi apparatus and lead to fully glycosylated protein (Moremen et al., 2012) which from trans-Golgi is trafficked in the vesicles to the plasma membrane.

Apart from the folding control on the luminal side, more and more information is emerging about control of transmembrane proteins at the cytoplasmic side of the ER membrane. As shown previously for adenosine receptor (Keuerleber et al., 2011; Bergmayr et al., 2013) and serotonin transporter (El-Kasaby et al., 2014), the heat shock proteins (HSPs) are involved in the proper folding of the cytoplasmic domain of several plasma membrane proteins. HSPs are highly expressed in various cancers promoting cell survival [for reviews, see Murphy (2013), Lianos et al. (2015)]. HSP70 (HSPA14) and HSP90beta were detected in SLC6A14 proteome and their inhibition with VER155008 and radicicol, respectively led to decreased level of the transporter in the plasma membrane, as assayed by cell surface biotinylation (Rogala-Koziarska et al., 2019; Figure 1). Treatment with HSPs inhibitors attenuated their interaction with SLC6A14 and directed the transporter to endoplasmic reticulum associated degradation (ERAD), a process reversed by proteasome inhibitor bortezomib. Inhibition of HSP70 and HSP90 decreased the amount of SLC6A14 not only after its overexpression, but also in MCF7 estrogen receptor positive breast cancer cell line (Rogala-Koziarska et al., 2019).


[image: image]

FIGURE 1. Schematic presentation of SLC6A14 trafficking from endoplasmic reticulum (ER) to plasma membrane. Sequential binding of HSP70, HSP90 and Sec24C in a SEC24/SEC23 dimer is shown in the left bottom part. Inhibition of HSP90 leads to SLC6A14 proteosomal degradation (right, middle part). Coatomer II (COPII) vesicle is shown as a magnified image when vesicles are trafficking between ER and cis-Golgi. Details are described in the text.


The family of HSP70 proteins prevent aggregation of unfolded or misfolded proteins by binding to stretches of exposed hydrophobic residues and the process of unfolding demands both, ATP and co-chaperons [for review, see Murphy (2013)]. Interestingly, several co-chaperons, such as Q8WXX5 (DNAJC9) and P31689 (DNAJA1) were detected in proteome of SLC6A14 overexpressed in HEK293 cells (Rogala-Koziarska et al., 2019). HSP70 is known to be overexpressed in cancer and its high expression is correlated with increased tumor grade and poor prognosis, in particular in colon cancer, breast cancer, melanoma and bladder cancer (Lianos et al., 2015). Moreover HSP70 overexpression was shown to be a marker of lymph node metastasis in some cancers, including breast cancer (Lazaris et al., 1997). These effects result from HSP70 inhibition of apoptosis, control of cell senescence and autophagy impairment (Murphy, 2013). HSP70 proteins deliver their client protein to HSP90 and it is worth mentioning that the level of HSP90 is elevated in aggressive breast cancers, what makes it a target, at least for diagnostics (Osada et al., 2017). The level of HSP90 is augmented in several cancers (pancreatic, ovarian, breast, lung, endometrial, oropharyngeal, squamous cell and multiple myeloma), what correlates with decreased apoptosis and promotes tumor cell adhesion, motility metastasis and angiogenesis (Wu et al., 2017), therefore it has become a target in cancer treatment [for review, see Wu et al. (2017)]. Out of HSP90 inhibitors, ganetespib seems to be a promising compound as a therapeutic agent (Jhaveri and Modi, 2015). HSP90 forms dimers through its C-terminal domains, while ATPase domain and client protein binding domain are at N-terminus and middle domain, respectively (Wu et al., 2017). We were able to demonstrate a direct interaction between SLC6A14 and both HSPs: HSP90beta and HSP70 (HSPA14). Moreover, we measured the HSP90beta ATPase activity and we detected inhibition of this activity by a peptide QRIIKCCRPASNWGPYLEKH from the C-terminus of SLC6A14, what further confirms the involvement of HSP90beta in the control of SLC6A14 conformation and folding (Rogala-Koziarska et al., 2019). These observations led to a conclusion that inhibition of HSPs can diminish the amount of SLC6A14 in the plasma membrane.

Any plasma membrane protein has to leave ER to reach cis-Golgi in the vesicles coated by coatomer II (COPII). Formation of COPII starts from converting Sar1 in a GTP-bound form by Sec12, what recruits a heterodimer Sec24/Sec23 and formation of COPII is completed by binding Sec13/Sec31. Sec24 is a cargo recognizing subunit and in humans there are 4 isomers of this protein, named SEC24A-D [for review, see Miller and Schekman (2013)]. Experiments with over-expressed SLC6A14 showed that this transporter interacts exclusively with the SEC24C isoform and co-expression with SEC24C dominant negative mutant resulted in diminution of the transporter level in the plasma membrane (Kovalchuk et al., 2019). It was proposed that, similarly to other members of SLC6 family (Sucic et al., 2013), motif RIIK within SLC6A14 C-terminal part is responsible for interaction with SEC24C (Rogala-Koziarska et al., 2019). Of note, this motif is within the sequence interacting with HSP90 (Rogala-Koziarska et al., 2019). A relay HSP70/HSP90/SEC24 was proposed as a sequence of binding to A(2A)-adenosine receptor (Keuerleber et al., 2011). These observations lead to the conclusion that inhibition of either HSP70 or HSP90 should prevent binding of SLC6A14 to SEC24C, resulting in directing the transporter to proteasomal degradation (Rogala-Koziarska et al., 2019) and, as a consequence, lowering the amount of SLC6A14 in plasma membrane.

Interestingly, the recombinant Sec24C was shown in vitro to be phosphorylated by recombinant kinase Akt (Sharpe et al., 2011), moreover, using the antibodies directed against phosphorylated Akt substrates, the same authors showed phosphorylation of overexpressed Sec24C, when the cells were treated with insulin-growth factor, an up-stream AKT activator. They also detected binding of Sec23 to phosphorylated Sec24C. These observations could suggest a facilitated formation of COPII upon AKT activation.

AKT (protein kinase B) is a serine/threonine protein kinase, known to be activated by an up-stream pathway from activated tyrosine kinase receptors, G-protein-coupled receptors, or integrins, what is followed by activation of phosphatidylinositol 3-kinase (PI3K) and phosphorylation of AKT at T308 by phosphoinositide-dependent kinase (PDK-1) [for review, see Nicholson and Anderson (2002)]. This activates AKT and leads to phosphorylation of SIN1, a component of the serine/threonine kinase - mammalian target of rapamycin complex 2 (mTOR2), what is followed by phosphorylation of AKT at S473. It should be added that the cell surface receptors are either constitutively active or overexpressed in many human cancers (Harari and Yarden, 2000). Moreover, also the PKB/AKT gene was observed to be amplified in several human cancers [see, Nicholson and Anderson (2002)] and AKT pathway is known to be hyperactivated in many types of cancer and dominantly inherited cancer syndromes [for review, see Altomare and Testa (2005)]. It is worth to add that Akt1 deficiency in a mouse model delayed mammary tumor growth and reduced lung metastases (Ju et al., 2007). Active AKT promotes cell survival by phosphorylating proteins regulating apoptotic cascade, just to mention phosphorylation of BAD. AKT is as well involved in the progression of cell cycle, what results in cell proliferation. It phosphorylates complex I of mTOR (mTORC1), thus controlling translation machinery (Broer and Broer, 2017; Thoreen, 2017). Therefore, the cell has a high demand for amino acids, when AKT is active. Although mTORC1 is controlled by a lysosomal amino acid transporter SLC38A9 (Rebsamen et al., 2015; Wang et al., 2015), mTORC2 – a kinase activating AKT (Riaz et al., 2012), conveys the nutrient information from the environment (for review, see Harachi et al., 2018). This suggests that AKT through influence on COPII formation could control transporter exit from ER and its presence in plasma membrane.



CONCLUSION AND FUTURE PERSPECTIVES

Cancer cells are characterized by quick growth and proliferation, demanding a constant supply of nutrients. SLC6A14, being upregulated in many cancers catalyzes a net uptake of all basic and neutral amino acids. In order to fulfill this role, it has to reach the plasma membrane and the first step of trafficking to the cell surface is SLC6A14 exit from ER. This process is promoted by active heat shock proteins HSP70 (HSPA14) and HSP90beta, rescuing the transporter from proteolytic degradation. ER exit of SLC6A14 demands interaction with a component of coatomer II (COPII) – SEC24C, a protein phosphorylated by kinase AKT, known to be hyperactivated in many cancers. Therefore, inhibition of SLC6A14 trafficking before AKT action by inhibition of HSPs seems to be a promising strategy, especially that HSP90 inhibitor – ganetespib has been subjected to phase II clinical trials (Jhaveri and Modi, 2015) in combination with chemotherapeutics used in treatment of several types of cancer. This should lead to a new approach of cancer treatment, for example by inhibiting SLC6A14 with αMT, HSP90 with ganetespib and estrogen receptor with tamoxifen in case of breast cancer.
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Solid tumors are challenged with a hypoxic and nutrient-deprived microenvironment. Hence, hypoxic tumor cells coordinatively increase the expression of nutrient transporters and pH regulators to adapt and meet their bioenergetic and biosynthetic demands. Carbonic Anhydrase IX (CAIX) is a membrane-bound enzyme that plays a vital role in pH regulation in the tumor microenvironment (TME). Numerous studies have established the importance of CAIX in mediating tumor progression and metastasis. To understand the mechanism of CAIX in mediating tumor progression, we performed an unbiased proteomic screen to identify the potential interactors of CAIX in the TME using the proximity-dependent biotin identification (BioID) technique. In this review, we focus on the interactors from this BioID screen that are crucial for nutrient and metabolite transport in the TME. We discuss the role of transport metabolon comprising CAIX and bicarbonate transporters in regulating intra- and extracellular pH of the tumor. We also discuss the role of amino acid transporters that are high confidence interactors of CAIX, in optimizing favorable metabolic state for tumor progression, and give our perspective on the coordinative interplay of CAIX with the amino acid transporters in the hypoxic TME.
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INTRODUCTION

Tumor cells metabolize nutrients in an anabolic or catabolic mode to maintain their biosynthetic and bioenergetic demands, respectively. In a catabolic pathway, nutrients are broken down to generate energy for maintaining cellular integrity. Whereas, in an anabolic pathway, they are utilized to build new macromolecules such as nucleotides and amino acids that support cell growth and proliferation. Tumor cells can alter their metabolism in favor of either of these pathways based on their requirements, which is called metabolic reprogramming/rewiring (Ward and Thompson, 2012). Besides, tumor cells can utilize a diverse array of nutrients such as glucose, glutamine (Gln), essential amino acids, and fatty acids, thus offering them metabolic flexibility (DeNicola and Cantley, 2015). Both, metabolic reprogramming and flexibility give tumor cells the plasticity to adapt to any metabolic shifts and survive. Several cell-intrinsic and extrinsic factors influence metabolic reprogramming and flexibility in tumor cells (DeNicola and Cantley, 2015). One of the most important extrinsic factors is oxygen availability in the tumor microenvironment (TME) (Nakazawa et al., 2016). Solid tumors are characterized by chaotic, immature vasculature that causes zones of varying oxygen tensions within the tumor. Depending on the proximity to blood vessels, tumors are comprised of poorly perfused, chronic hypoxic zones, and intermittently perfused, cycling hypoxic zones (Michiels et al., 2016). To survive the nutrient and oxygen deprivation caused by insufficient perfusion, tumor cells trigger hypoxia-inducible factor (HIF) signaling, which culminates in the stabilization and activation of the transcription factor, HIF1α or HIF2α, and alters the expression of several downstream targets to promote survival, tumor growth and progression (Xie and Simon, 2017). One of the HIF1α regulated proteins that play an important role in the hypoxic TME is the Carbonic Anhydrase IX (CAIX) (Wykoff et al., 2000; McDonald and Dedhar, 2014).



CAIX – FUNCTION AND ROLE IN CANCER

Carbonic anhydrase IX is a dimeric, membrane-bound metabolic enzyme that belongs to the carbonic anhydrase (CA) family (Alterio et al., 2012). It plays a crucial role in pH regulation through the reversible hydration of carbon dioxide into bicarbonate and proton. CAIX comprises of extracellular facing proteoglycan (PG) and catalytic (CA) domains, a transmembrane (TM) domain, and an intracytoplasmic (IC) domain (Opavský et al., 1996). The presence of the PG domain is a unique feature of CAIX and is absent in other isozymes of the CA family. The dimerization of CAIX is mediated by the formation of a disulfide bond between the Cys-41 residue located on the CA domain (Alterio et al., 2009). Although CAIX expression is primarily driven under hypoxia through the HIF1α stabilization, the presence of extracellular lactate (Panisova et al., 2017) and glutamate (Glu) (Briggs et al., 2016) have also been shown to stabilize HIF1α and promote CAIX expression under normoxia. CAIX is predominantly expressed in solid tumors, with restricted expression in normal tissues (McDonald et al., 2012; Mboge et al., 2018) and, its expression can be correlated with poor prognosis (Chia et al., 2001; Loncaster et al., 2001; Klatte et al., 2009; Korkeila et al., 2009; Ilie et al., 2010) and response to therapy in solid tumors (Koukourakis et al., 2001; Generali et al., 2006; Tan et al., 2009; McIntyre et al., 2012). The role of CAIX in various steps of tumor progression and metastasis is well established in the past decade. Targeting CAIX, both, by genetic depletion and using small molecule inhibitors, has elucidated the importance of CAIX in tumor growth in vivo (Lou et al., 2011). In addition to its role in tumor growth, CAIX plays a crucial role in metastasis (Lou et al., 2011; Gieling et al., 2012; Chafe et al., 2015). Before the cancer cells metastasize to a distant site, they establish a conducive microenvironment for their survival, called the pre-metastatic niche. CAIX promotes granulocyte colony-stimulating factor (G-CSF) production by hypoxic breast cancer cells, which helps in the mobilization of granulocytic myeloid-derived suppressor cells to lung metastatic niche and primes for metastasis (Chafe et al., 2015). Furthermore, CAIX helps in the maintenance of stemness in cancer stem cells and favor metastasis (Lock et al., 2013; Gibadulinova et al., 2020; Peppicelli et al., 2020). While it is evident that CAIX is important in mediating various steps in tumor progression, the underlying mechanisms remain unclear. Considering the importance of CAIX in the hypoxic microenvironment, it is plausible that CAIX interacts with other proteins in tumor cells to mediate various functions. Hence, we recently conducted a comprehensive, unbiased study to identify the protein interactome of CAIX using the proximity-dependent biotinylation labeling technique called the BioID method (Roux et al., 2012). This study identified over 140 high confidence protein interactors of CAIX (Swayampakula et al., 2017). In this mini review, we will focus on the amino acid transporters (AATs) and acid/base transporters that were identified as high confidence interactors.



CAIX AND PH REGULATION

Active metabolism within tumor cells leads to the accumulation of acidic metabolic by-products, which, if unbuffered, will be lethal to the tumor cells. Therefore, tumor cells deploy several membrane acid/base transporters (pH regulators) to establish a favorable pH within the tumor cells (Neri and Supuran, 2011). Two major acidic metabolic by-products that are produced by tumor cells are CO2 and lactic acid (Corbet and Feron, 2017). While CO2 is predominantly produced as a by-product of aerobic respiration, lactic acid production is a result of anaerobic respiration or aerobic glycolysis in tumor cells. The CO2 generated by tumor cells acts as a substrate for CAs, to produce bicarbonate and protons. Lactic acid, on the other hand, is extruded out of the cells by monocarboxylate transporters (MCT) as lactate and protons, or buffered intracellular by bicarbonate ions to produce CO2 (Sun et al., 2020). The contribution of CO2 and lactic acid in defining the intratumoral pH will depend on factors such as oxygenation and mitochondrial respiration in tumor cells. In deep hypoxic zones of a tumor, the mitochondrial respiration is impeded, and therefore, glycolysis becomes the primary state of metabolism (Corbet and Feron, 2017). Conversely, in moderately hypoxic zones of the tumor, the lactate that is released by surrounding anaerobic cells or Gln imported into cells can feed the TCA cycle and drive oxidative phosphorylation (Corbet and Feron, 2017; Faubert et al., 2017). Using tumor spheroids, Swietach et al. (2009, 2010) demonstrated that in spheroids of up to 300 um in size, CO2 released by the mitochondria acts as a major substrate for CAIX activity rather than lactic acid accumulation. The source of CO2 can either be from the tumor cells or can be provided to anaerobic regions by surrounding aerobic cells.

Carbonic anhydrase IX establishes a pH gradient of alkaline intracellular pH and acidic extracellular pH in tumor cells that helps in survival and tumor growth (Chiche et al., 2009). Maintenance of intracellular pH by CAIX is critical to support glycolysis and help cancer cells to adapt under hypoxia (Benej et al., 2020). Numerous studies have shown that CAs associate with acid/base transporters to form a temporary complex called transport metabolon (Deitmer and Becker, 2013). CAs form a transport metabolon with MCTs to effectively shuttle the protons from and to MCT, and enhance its activity (Klier et al., 2014). In CAIX, the 18 Glu and 8 Asp residues in the PG domain have been proposed to act as proton antenna or proton collectors (Ames et al., 2018), whereas the His200 in the catalytic domain facilitates the proton shuttle from the catalytic center into surrounding space, and support MCT activity (Jamali et al., 2015). Another important transport metabolon in the context of CAIX is the bicarbonate metabolon that involves the association of CAIX with bicarbonate transporters. CAIX co-localizes and functionally cooperates with the bicarbonate transporter, NbCe1 (SLC4A4), in the invadopodia to achieve an alkaline pH that promotes invadopodia formation (Debreova et al., 2019). Additionally, CAIX interacts with matrix metalloproteinase 14 (MMP14) in invadopodia. MMP14 is a proteolytic enzyme that degrades the extracellular matrix (ECM) and its activation is important for invadopodial function. The association of CAIX with MMP14 provides protons for MMP14 activation and therefore helps in the invadopodial function (Swayampakula et al., 2017). The increased MMP14 activity, coupled with the intracellular alkalinization within the invadopodia, aids in invadopodia elongation and therefore in tumor cell invasion.

The sodium-bicarbonate transporter, NBCn1 (also known as SLC4A7) is a high confidence interactor of CAIX that emerged in the BioID study. Genome-wide association studies have shown NBCn1 to be a causative gene in breast cancer (Ahmed et al., 2009). NBCn1 functions as an acid extruder and creates a favorable pH gradient in tumors (Boedtkjer et al., 2013; Lee et al., 2016). Furthermore, loss of function studies by the genetic depletion of NBCn1 has elucidated its role in tumor growth (Lee et al., 2016) and cell cycle progression (Flinck et al., 2018). Considering the importance of this bicarbonate transporter in regulating pH in tumor cells, it may mediate an important function by forming a bicarbonate metabolon with CAIX. However, to this date, the role of this interaction remains uninvestigated.



CAIX AND AMINO ACID TRANSPORT

Hypoxic zones in the tumor have a restricted supply of nutrients and therefore continually adapt to metabolize various nutrients to maintain their biologic functions (Samanta and Semenza, 2018). Amino acids are a major source of carbon and nitrogen for the biosynthesis of various macromolecules (Figure 1). In this section, we will discuss three AATs that were identified as potential interactors of CAIX from the BioID screen (Table 1). We will describe the role and regulation of these transporters in cancer, and then discuss how these transporters may work coordinatively with CAIX in the hypoxic TME.
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FIGURE 1. Interaction of CAIX with amino acid transporters and acid/base regulators from BioID. (A) Under hypoxia or low amino acid conditions, cells upregulate the expression of SNAT2 and ASCT2 to increase Gln uptake. Normally, Gln can be utilized for biosynthetic reactions such as nucleotide synthesis, bioenergetic reactions by entering the TCA, or for REDOX reactions by glutathione synthesis. Under hypoxia, Gln is utilized for fatty acid synthesis by the reductive carboxylation of α-KG to citrate by IDH1. Alternatively, the intracellular glutamine can be utilized for importing essential amino acids such as leucine, by coupling the transport activity of ASCT2 with LAT1. The imported leucine can bind to a leucine sensor, Sestrin2, removing its inhibitory effect on the RagA/B and activate mTORC1 (Wolfson et al., 2016). The activated mTORC1 promotes protein translation and cell proliferation. (B) Hypoxic cells upregulate CAs, MCTs, and acid/base transporters to buffer the intracellular pH changes that occur due to the accumulation of metabolic acids such as CO2 and lactic acid (see text). CAIX mediates the reversible conversion of CO2 to proton and bicarbonate. This reaction is coupled with the bicarbonate import through NBC, thereby creating a pH gradient of alkaline intracellular pH and acidic extracellular pH that is favorable for cell survival and growth. xCT, cysteine/glutamate transporter; SNAT2, sodium coupled neutral amino acid transporter; ASCT2, alanine serine cysteine transporter 2; LAT1, L-type amino acid transporter; CAIX, carbonic anhydrase IX; NBC, sodium coupled bicarbonate transporter; GLS, glutaminase; GDH, glutamate dehydrogenase; GOT, glutamic oxaloacetic transaminase; GCL, glutamate-cysteine ligase; GS, glutathione synthase; IDH1, Isocitrate dehydrogenase 1.



TABLE 1. List of potential CAIX interactors with role in nutrient or metabolite transport function from the BioID.
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ASCT2

The Alanine Serine Cysteine Transporter 2 (ASCT2) aka SLC1A5, is a plasma membrane amino acid transporter that mediates sodium-dependent antiport of neutral amino acids. Despite what the name suggests, ASCT2 preferentially transports glutamine, while cysteine acts as a modulator of the transport (Utsunomiya-Tate et al., 1996; Scalise et al., 2018). ASCT2 is a trimeric protein comprising a scaffold domain that enables the interaction between protomers, and a transport domain that helps in the amino acid transport (Garaeva et al., 2018). As one of the major glutamine transporters in cells, ASCT2 is ubiquitously expressed across various tissues in the body and plays a crucial role in mediating cellular functions such as hematopoietic stem cell differentiation (Oburoglu et al., 2014) and T-cell activation (Nakaya et al., 2014; Poffenberger et al., 2014). Increased expression of ASCT2 is observed in several cancer types and is associated with poor prognosis (Witte et al., 2002; Shimizu et al., 2014; Kaira et al., 2015b; Liu et al., 2015; Sun et al., 2016; Bernhardt et al., 2017). The upregulated cellular expression of ASCT2 in cancer is mediated by oncogenic signals such as Kirsten rat sarcoma (K-Ras) (Toda et al., 2017) and myelocytomatosis (N-Myc) (Ren et al., 2015). K-Ras plays an important role in mediating various growth signaling pathways in cells. Mutation in K-Ras is shown to upregulate the expression of ASCT2 and promote cell proliferation in colorectal cancer (Toda et al., 2017). N-Myc, on the other hand, is a transcription factor that drives the expression of genes involved in cell proliferation. Ren et al. (2015) showed N-Myc to upregulate ASCT2 expression by directly binding to its promoter region. In addition to oncogenic signals, cellular stress such as amino acid starvation can also upregulate ASCT2 expression. Under amino acid deprivation, a stress response transcription factor called activating transcription factor 4 (ATF4) binds to ASCT2 promoter and increases ASCT2 expression (Ren et al., 2015). Functional studies using in vitro and in vivo models have shown ASCT2 inhibition to effectively reduce tumor growth in various types of cancer (van Geldermalsen et al., 2016; Marshall et al., 2017; Ye et al., 2018) by attenuating the mechanistic Target of Raptor (mTOR) signaling pathway (Figure 1; Wang et al., 2014, 2015). Furthermore, ASCT2 has been shown to facilitate Gln uptake in cancer stem cells and promote tumor growth in pancreatic ductal adenocarcinoma (PDAC) (Wang V.M. et al., 2019). Based on this evidence, it can be concluded that ASCT2 plays an important role in tumorigenesis and is an attractive candidate to target cancer. Over the years, several drug candidates to target ASCT2 have been discovered. However, identifying drugs that selectively target ASCT2 has been a challenge due to limited structural studies until recently (Jiang et al., 2020). The recent development of an antagonist, V9302 by Schulte et al. (2018) has shown promise in targeting ASCT2 (Scopelliti et al., 2018).



SNAT2

Sodium coupled neutral amino acid transporter 2 (SNAT2) aka SLC38A2, mediates uniport of neutral amino acids including glutamine in a sodium-dependent manner (Mackenzie and Erickson, 2004). It comprises of 11 hydrophobic membrane-spanning domains with an extracellular C-terminus and an intracellular N-terminus (Ge et al., 2018). SNAT2 expression is regulated by extracellular amino acid. Under amino acid deprivation, the global translation is halted, with a concomitant increase in the ATF4 translation. The binding of ATF4 to the amino acid response element (AARE) on the SNAT2 promoter increases SNAT2 expression (Palii et al., 2006). Conversely, SNAT2 can sense the presence of amino acids such as Tyr and Gln, and inhibit its expression (Hyde et al., 2007; Hundal and Taylor, 2009). Besides extracellular amino acid, SNAT2 expression is regulated by endoplasmic reticulum stress (ERS). In breast cancer cells, paclitaxel-induced ERS causes a ubiquitin ligase, RNFα to associate with SNAT2 and ASCT2, and cause their degradation. This leads to decreased Gln uptake, decreased proliferation, and increased cell death in the tumor cells (Jeon et al., 2015; Moses and Neckers, 2015). Studies from Broer’s group have elucidated that SNAT2 expression increases upon the disruption of ASCT2 transporter activity (Broer et al., 2016, 2019), thereby classifying SNAT2 as a rescue transporter. In addition to its role as a Gln transporter, SNAT2 has shown to play an important role in transporting Ala into PDAC cells from the surrounding pancreatic stellate cells (Parker et al., 2020). Furthermore, genetic depletion of SNAT2 in PDAC cells decreases the Ala uptake and reduce tumor growth in vivo (Parker et al., 2020). These studies highlight the importance of SNAT2 in cancer, however, the clinical relevance of this transporter in cancers remains unexplored.



LAT1

The L-type amino acid transporter (LAT1) aka SLC7A5, is a heterodimeric amino acid transporter that mediates a sodium independent antiport of neutral essential amino acids (Kanai et al., 1998; Wagner et al., 2001). It comprises a heavy chain subunit called cluster differentiation 98 (CD98hc) that associates with a light chain subunit such as LAT1. The heavy chain consists of an extracellular C-terminus, a transmembrane helix, and an intracellular NH2 terminus. The light chain, on the other hand, has 12 transmembrane domains with both COOH and the NH2 termini facing the intracellular space (Yan et al., 2019). While LAT1 is expressed across various tissues, it is highly expressed at the blood-brain barrier and functions in amino acid transport to the brain (Boado et al., 1999). The importance of LAT1 in tumor growth was elucidated by Cormerais et al., using knock out models for LAT1 and CD98hc. This study showed the genetic disruption of LAT1 to decrease leucine uptake and inhibit mTORC1, causing decreased tumor growth in vivo. N-Myc upregulates LAT1 expression by directly binding to the promoter region of LAT1. The resulting amino acid uptake promotes the sustained translation of Myc, thereby working in a feed-forward loop that helps in tumorigenesis (Yue et al., 2017). LAT1 expression is associated with poor prognosis (Kaira et al., 2015a; Shimizu et al., 2015) and resistance to chemotherapy in solid tumors (Altan et al., 2018). Downregulation of LAT1 has been shown to decrease cell growth (Marshall et al., 2016) invasion, and migration (Janpipatkul et al., 2014). Targeting LAT1 using a small molecule inhibitor, JPH203 has shown success in pre-clinical trials and was recently evaluated in clinical phase trial 1. Although the sample size was low in this clinical trial, the drug was well tolerated and showed promise in targeting LAT1 in patients with advanced solid tumors (Okano et al., 2018).



Potential Role of CAIX in Amino Acid Transport Regulation

As discussed above, AATs play important roles in promoting tumor progression, and their interaction with CAIX suggests an important mode of functional regulation that requires further investigation.

It is well-known that Gln is an important amino acid in cancer metabolism and several cancer types rely on Gln, which is called Gln addiction (Wise and Thompson, 2010). In hypoxic tumor cells, Gln is channeled for lipid biosynthesis to support cell proliferation (Figure 1). This process is mediated by the reductive carboxylation of α-ketoglutarate (α-KG) to citrate, and the subsequent entry of citrate into lipogenesis (Metallo et al., 2011). Furthermore, it is shown that Gln carbon and nitrogen are efficiently metabolized to support lipid biosynthesis under hypoxia (Wang Y. et al., 2019). The glutamine transporter SNAT2 is upregulated under hypoxia (Morotti et al., 2019) and support glutamine uptake in cancer cells. Interestingly, studies have shown that SNAT2 compensates for the loss of function of ASCT2 (Broer et al., 2019). Moreover, ASCT2 and LAT1 function as obligatory transporters, in which, the influx through one transporter is coupled to the efflux through the second transporter (Nicklin et al., 2009). These data suggest that these three AATs work cooperatively in the TME to promote cancer progression (Figure 1). To our knowledge, there is no existing evidence in the literature on the functional role of CAIX in AA transport, although the identification of potential interactions between CAIX and these AATs suggests that reciprocal functional regulations may be important hallmarks for tumor progression. Considering the pivotal role of CAIX in pH regulation, it is probable that the pH gradient mediated by CAIX in the tumor could influence the function of these AATs. In fact, the transport function of these AATs are influenced by pH, however, the effects are different. The amino acid transport by SNAT2 is sensitive to extracellular pH, where increased extracellular protons compete with sodium ions and impede the SNAT2 activity. This pH sensitivity of SNAT2 is shown to be mediated by the presence of His residues at the C-terminus (Baird et al., 2006). In contrast, glutamine transport by ASCT2 is not hugely influenced by pH (Utsunomiya-Tate et al., 1996). However, ASCT2 also mediates Glu antiport, and this is highly pH-dependent (Utsunomiya-Tate et al., 1996). At a pH gradient of low extracellular pH (6.0) and high intracellular pH (7.0), the Glu influx increased in proteoliposomes containing ASCT2 (Scalise et al., 2020). In addition to altering the transport by ASCT2, changes in pH has shown to impact the expression of ASCT2. Under chronic acidosis, ASCT2 is upregulated by HIF2α and cause a shift in the cancer cell metabolism to favor reductive glutamine metabolism (Corbet et al., 2014). These studies suggest that the pH gradient across the tumor could influence the function of AATs, however, whether CAIX’s pH regulatory role influences the coordinative interplay of these AATs remains a topic of future investigation. Investigating the effect of loss of function of CAIX on amino acid transport and metabolism could reveal the importance of CAIX’s interaction with the AATs. Such studies could be of importance in highly aggressive cancers like pancreatic cancer that have complex metabolic network (Sperb et al., 2020) and are difficult to treat. CAIX expression (Strapcova et al., 2020) and its function in altering tumoral pH (Cruz-Monserrate et al., 2014) are shown to be important in the early events of pancreatic carcinogenesis. Furthermore, ASCT2 and SNAT2 play an important role in importing AA in pancreatic cancer, as described earlier in this section. Therefore, it is plausible that CAIX and AATs coordinate their functions to support tumor metabolism and promote pancreatic cancer progression.

One of the interesting findings of the BioID CAIX interactome (Swayampakula et al., 2017) was the potential interaction of LAT1 and CD98hc with CAIX. Modulation of LAT1 function and transport of neutral amino acids by CAIX, perhaps in the context of complexes with integrins, which also associate with CD98hc (Fenczik et al., 2001; Feral et al., 2005), may have significant effects on cellular growth through the regulation of protein translation by mTORC1. While this possibility needs to be investigated in further detail, it is interesting that inhibition of CAIX modulates mTORC1 signaling in breast cancer cells grown in 3D cultures (Lock et al., 2013).



CONCLUSION

Since the seminal findings of Otto Warburg on altered metabolism in cancer, the concept of metabolic reprogramming in cancer has evolved and led to a better understanding of the complex nature of cancer metabolism (Martinez-Outschoorn et al., 2017). Research on the role of metabolite transport has progressed tremendously and unraveled the importance of numerous nutrient and acid/base transporters in the TME (Ganapathy et al., 2009; Bhutia et al., 2015; Becker and Deitmer, 2020). Understanding the interaction of these metabolic proteins in the TME would be beneficial in identifying novel targets for effective therapy. Based on our interactome study, we identified the potential interaction of nutrient transporters and acid/base transporters with CAIX in the hypoxic TME. CAIX is an important pH regulatory protein in the TME that mediates tumor progression in several solid tumors. The CAIX/CAXII specific small-molecule inhibitor, SLC-0111 (Pacchiano et al., 2011; Supuran, 2018) has shown promising effect on suppressing tumor growth and metastasis by itself and in combination with conventional chemotherapeutic drugs (Boyd et al., 2017; McDonald et al., 2019) or immune checkpoint inhibitors (Chafe et al., 2019). Currently, SLC-0111 has completed the Phase-I clinical trial and progressed into a Phase-Ib trial (ClinicalTrials.gov Identifier: NCT03450018) in combination with gemcitabine in CAIX-positive pancreatic cancer patients (McDonald et al., 2020).Furthermore, recent studies have shown that the metabolic plasticity in solid tumors offers adaptation and resistance to single therapy strategies by initiating compensatory mechanisms, however, this is effectively overcome by combinatorial therapy (Biancur et al., 2017; Momcilovic et al., 2018). Therefore, investigating the interaction of CAIX with these nutrient transporters might open new avenues of co-targeting strategies for the treatment of solid tumors.
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Cancer cells need excess energy and essential nutrients/metabolites not only to divide and proliferate but also to migrate and invade distant organs for metastasis. Fatty acid and cholesterol synthesis, considered a hallmark of cancer for anabolism and membrane biogenesis, requires citrate. We review here potential pathways in which citrate is synthesized and/or supplied to cancer cells and the impact of extracellular citrate on cancer cell metabolism and growth. Cancer cells employ different mechanisms to support mitochondrial activity and citrate synthesis when some of the necessary substrates are missing in the extracellular space. We also discuss the different transport mechanisms available for the entry of extracellular citrate into cancer cells and how citrate as a master metabolite enhances ATP production and fuels anabolic pathways. The available literature suggests that cancer cells show an increased metabolic flexibility with which they tackle changing environmental conditions, a phenomenon crucial for cancer cell proliferation and metastasis.
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INTRODUCTION

To successfully grow and metastasise, cancer cells need to adjust their metabolism to fulfill high-energy requirements. The essential metabolites necessary for this process can be obtained from blood, synthesized de novo, or supplied by cancer-associated stromal cells. Uptake or release of different substrates from and to the extracellular space can occur through specific transporters expressed in the plasma membrane. The same holds true for the transport across the mitochondrial inner membrane where several transporters are present. Control of transporter expression is one of the ways by which metabolite uptake and release can be regulated. Differences in expression of the plasma membrane and mitochondrial transporters take part in the regulation of various metabolic pathways in the cytoplasm and mitochondria. Several transporters for specific nutrients and metabolites have been shown to be upregulated in cancer cells such as glucose, lactate or amino acids transporters (Ganapathy et al., 2009; Bhutia et al., 2015; El Ansari et al., 2018; Ma et al., 2018; Brown and Ganapathy, 2020; Brown et al., 2020b; Zhang and Li, 2020).

Synthesis of the building blocks necessary for the process of proliferation and membrane biogenesis requires increased production of fatty acids and cholesterol, considered a hallmark of cancer. Cytoplasmic citrate is the primary substrate in this process (Table 1). Until recently, it was believed that cancer cells cannot obtain citrate from the extracellular space and that the entire pool of cellular citrate arises from intracellular synthesis, mainly in the reverse Krebs cycle through reductive carboxylation from glutamine (Metallo et al., 2011), and to a much lesser extent, from glucose-derived pyruvate. Indeed, increased glutamine uptake has been associated with cancer growth (Bhutia and Ganapathy, 2016). However, some recent studies have shown that cancer cells are glutamine-dependent in vitro, whilst glutamine uptake rate is similar to normal cells when the same cancer cells are grown in vivo (Davidson et al., 2016). Moreover, radiotracer studies of glutamine uptake in mouse brain implanted with primary human tumors have shown that increased glutamine uptake occurs in the tissue surrounding the cancer but not in the cancer itself (Marin-Valencia et al., 2012). Therefore, the way citrate is synthesized in cancer cells might depend on the surrounding metabolic conditions.


Table 1. Reactions involved in the conversion of citrate into fatty acids and cholesterol in the cytoplasm.
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We have recently discovered that cancer cells are able to take up citrate through the plasma membrane variant (pmCiC) of the mitochondrial (mCiC) citrate carrier (SLC25A1) belonging to the SLC25 gene family (Mazurek et al., 2010). Our studies have also shown that uptake of extracellular citrate supports cancer metabolism, proliferation, fatty acid and protein synthesis (Mycielska et al., 2018). There is also another citrate transporter in the plasma membrane (SLC13A5) belonging to the SLC13 gene family (Willmes et al., 2018; Jaramillo-Martinez et al., 2020). Here, we will discuss the transporters and the metabolic pathways that are involved in the uptake and utilization of extracellular citrate in cancer cells and the impact of extracellular citrate on cancer cell metabolism and growth.



THE PATHWAYS SUPPORTING MITOCHONDRIAL ACTIVITY IN CANCER

Mitochondria consist of two membranes, an inner membrane that is impermeable to small molecules and an outer membrane that is permeable to small molecules. The impermeable nature of the inner membrane necessitates the presence of specific transporters to facilitate exchange of metabolites and nutrients between mitochondrial matrix and cytoplasm. As such, the inner membrane is rich in transporters, all of which belong to the SLC25 gene family; these transporters mediate the movement of a wide variety of metabolites in and out of the mitochondrial matrix (Gutiérrez-Aguilar and Baines, 2013). Abundance of these transporters in the mitochondrial membrane regulates the exchange rate of the substrates with cytoplasm and in consequence respective cytosolic and matrix metabolic pathways.

Fatty acid synthesis occurs in the cytoplasm, for which citrate is the primary substrate; this pathway is activated in cancer and it is a metabolic hallmark of cancer cells (Wang et al., 2015). Citrate is produced in the Krebs cycle within the mitochondrial matrix from the condensation of acetyl-CoA and oxaloacetate. In most cells, citrate is further metabolized into isocitrate through the action of mitochondrial aconitase (m-ACN/ACO2), which then goes through the rest of the reactions in the Krebs cycle. One notable exception is the prostate epithelial cell. The Krebs cycle is truncated in this cell type where citrate generated in the matrix fails to go through the next step mediated by m-ACN because of markedly reduced activity of this enzyme. This unique metabolic phenotype renders prostate epithelial cells net citrate producers. Citrate thus generated is then secreted into the prostatic fluid to facilitate the maturation and motility of spermatozoa. The reduced activity of m-ACN in these cells is due to Zn2+-mediated inhibition, and prostate epithelial cells exhibit a robust capacity to accumulate this metal. This allows the ratio of citrate to isocitrate to increase to 30–40:1 in these cells (Costello et al., 1976). As citrate fails to go through the Krebs cycle within the matrix in these cells, it accumulates and gets transported out of the matrix into the cytoplasm via the citrate transporter SLC25A1 in the inner membrane, which occurs in exchange for malate (i.e., citrate enters the cytoplasm and malate enters the matrix). Once in the cytoplasm, citrate is released into the luminal space via pmCiC, an alternative splice variant of SLC25A1 (Mycielska et al., 2009; Mazurek et al., 2010) and most likely also via the recently described citrate exporter ANKH (SLC62A1) (Szeri et al., 2020). The metabolic phenotype of the normal prostate epithelium as a citrate producer is reversed upon transformation into cancer cells. As a consequence, normal prostate has high concentrations of citrate whereas prostate cancer has low concentrations of citrate, a metabolic distinction that is exploited in the clinics for differential and minimally invasive diagnosis of prostate cancer (Banerjee et al., 2017; Braadland et al., 2017). This switch is facilitated by the loss of ability to accumulate Zn2+ during oncogenic transformation, which relieves m-ACN from the Zn2+-mediated inhibition (Costello and Franklin, 2006). The net outcome is the reduced levels of citrate inside the cancer cells. This ability of prostate cancer cells to oxidize citrate is surprising, as this process would lead to reduced net citrate accumulation whilst cancer cells need excess citrate level to support fatty acid synthesis in cytoplasm. How, therefore, do cancer cells manage to supply cytoplasm with the necessary amount of citrate?

It was widely believed that cancer cells did not take up citrate from the circulation (blood levels of citrate, ~200 μM) and that they met their increased demands for this metabolite via de no synthesis from glutamine (Metallo et al., 2011). This requires a novel reprogramming of the metabolism involving the reversal of the Krebs cycle in which α-ketoglutarate arising from glutamine gets converted into citrate by a process known as “reductive carboxylation.” Indeed, uptake of glutamine resulting from increased expression of multiple glutamine transporters has been associated with cancer cells (Bhutia and Ganapathy, 2016; Wang et al., 2020; Figure 1). Further studies indicated that glutamine addiction of cancer cells might depend on the metabolic environment. In particular, it has been determined that whilst there is a clear dependence on glutamine of human lung cancer cells in vitro, the same cells when injected in mice, synthesize citrate from glucose rather than glutamine (Davidson et al., 2016). Therefore, the metabolic environment of the cancer cells dictates the choice of extracellular metabolites and biochemical pathways used for satisfying the increased demands for citrate. A similar phenomenon of glutamine independence of cancer cells in vivo has been shown using primary cultures of human glioblastoma. In line with the previous report, when injected into mice, human glioblastoma cells did not show any increase in the uptake of glutamine. Interestingly, increased uptake of glutamine was observed in the stromal cells present in the tumor environment (Marin-Valencia et al., 2012). This increase in glutamine uptake would be consistent with cancer-associated stroma synthesizing metabolic substrates to support cancer cells; this could potentially include citrate.
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FIGURE 1. The cartoon summarizes intracellular pathways used by cancer cells to support increased citrate synthesis in mitochondria. This can occur through a serine pathway, where increased expression of phosphoglycerate dehydrogenase (PHGDH) creates a diversion from glycolysis. PSAT1 (phosphoserine aminotransferase) reaction requires conversion of glutamate into αKG (α-ketoglutarate) which can be then transported into mitochondria by oxoglutarate carrier (OGC) and support mitochondrial citrate synthesis through the reverse Krebs cycle. Lactate taken up through MCT1 (monocarboxylate transporter 1) is metabolized by lactate dehydrogenase-A (LDH-A) into pyruvate imported into mitochondria through MPC (mitochondrial pyruvate carrier) followed by Acetyl-CoA synthesis which can then join the Krebs cycle. Part of glutamine pool can be metabolized into glutamate and transported into mitochondria through AGC1 (aspartate-glutamate carrier isoform 1) followed by conversion into αKG. Released into the cytoplasm citrate is metabolized by ATP-citrate lyase (ACLY) and plays a central role in fatty acid synthesis.


Citrate synthesis in mitochondria from glutamine through a truncated (and reverse) Krebs cycle as postulated by several research groups (Metallo et al., 2011; Mullen et al., 2014) requires increased efforts to supply mitochondria with sufficient amounts of intermediates. Therefore, some additional pathways in cancer cells have been identified that could be used to fulfill the increased mitochondrial needs. A serine pathway has been recently postulated to be an alternative means to produce α-ketoglutarate (Locasale et al., 2011; Possemato et al., 2011). According to these studies, increased expression of phosphoglycerate dehydrogenase (PHGDH) siphons the glycolytic intermediate 3-phosphoglycerate for increased synthesis of serine and glycine (Figure 1). Serine and glycine are abundant in the plasma, and depletion of PHGDH could not decrease intracellular levels of these metabolites, suggesting that uptake of extracellular serine and glycine is also a likely contributor to these two amino acids in cancer cells. Suppression of PHGDH resulted, however, in decreased α-ketoglutarate levels which can be used to support Krebs cycle activity. This additional α -ketoglutarate synthesis could be potentially the main reason for cancer cells to use serine pathway (Possemato et al., 2011; Figure 1). In addition to the widely recognized role of serine and glycine in one-carbon metabolism, an obligatory pathway for any highly proliferating cell, including cancer cells, these amino acids also participate in the synthesis of α-ketoglutarate for use in the Krebs cycle in the forward direction to generate NADH and FADH2 for subsequent ATP production and also in the Krebs cycle in the reverse direction for reductive carboxylation for subsequent citrate production.

Another metabolite that has been implicated in support of cancer cell mitochondrial metabolism and in consequence in citrate synthesis, is lactate (Figure 1). Lactate can be imported into the cell through monocarboxylate transporter MCT1, heavily overexpressed in majority of aggressive tumors (Park et al., 2018; Tasdogan et al., 2020). Intracellularly, lactate can be converted into pyruvate and then into acetyl-CoA to feed into the Krebs cycle. Moreover, the conversion of lactate to pyruvate is accompanied by reduction of NAD+ into NADH, which suppresses the activity of glyceraldehyde-3-phosphate dehydrogenase in the direction of glucose breakdown but reverses the reaction to go in the opposite direction, thus sparing glucose 6 phosphate to feed into the pentose-phosphate pathway (Tasdogan et al., 2020). The pentose phosphate pathway is a major mechanism for production of NADPH, a reducing equivalent obligatory for anabolic pathways that are essential for cancer cells. Increased MCT1 expression and excess pentose-phosphate pathway activity have been shown to be necessary for metastasising human melanoma cells in mice (Tasdogan et al., 2020).

Most of the mechanisms described above are designed to supply cancer cell mitochondria with glutamate/α-ketoglutarate to sustain reverse Krebs cycle activity leading to excess citrate synthesis. In this case, glutamate needs to be transported through the inner mitochondrial membrane at a higher rate (Figure 1). Mitochondrial glutamate transporters GC1 (SLC25A22) and GC2 (SLC25A18) are the members of the SLC25 gene family of mitochondrial carriers. Import of glutamate into mitochondria is dependent on H+. Under normal conditions, there exists a H+ gradient across the inner mitochondrial membrane in the cytoplasm-to-matrix direction, which provides energy for the activity of GC1 and GC2. High expression of GC1 is associated with organs such as brain, pancreas and the fatty acid synthesizing liver (Monné et al., 2019). GC2 is ubiquitously expressed in most tissues. Another mitochondrial carrier involved in the transport of glutamate into mitochondria is the aspartate-glutamate carrier isoform 1 (AGC1), encoded by SLC25A12 gene. In this case, glutamate is transported into the mitochondria in exchange for aspartate (Infantino et al., 2019). Because of this exchange phenomenon, the transport function of AGC1 is electroneutral and there is no energy involvement in the process.

Recent studies showed that AGC1 is crucial for different cancer cell types deprived of extracellular glutamine to sustain intracellular aspartate level, cell proliferation and survival (Profilo et al., 2017; Alkan et al., 2018). Intracellular aspartate normally produced in the process of glutamine anaplerosis can be rescued by mitochondrial aspartate synthesis and release through AGC1 into the cytoplasm in case of extracellular glutamine deficiency.

Altogether, based on the published data, it can be concluded that cancer cells engage several different pathways to produce Krebs cycle intermediates. Their import into mitochondria can sustain increased synthesis of citrate using the reductive carboxylation pathway.

Once produced within the mitochondrial matrix, citrate normally enters the Krebs cycle. However, if the cells are energy sufficient, Krebs cycle is suppressed and citrate now is exported into cytoplasm through the mitochondrial citrate carrier mCiC (SLC25A1) in exchange for malate (Iacobazzi et al., 1996). Consistent with the notion of cancer cells producing citrate intracellularly, mCiC expression was found to be increased in different tumor types (Catalina-Rodriguez et al., 2012; Kolukula et al., 2014) and in pathophysiological conditions such as hypoxia. Blocking of the citrate transport from mitochondria into the cytoplasm with an SLC25A1 inhibitor, benzenetricarboxylate (BTA), had several effects on cancer cells including increased glycolysis, ROS synthesis, mitophagy and disrupted mitochondrial homeostasis (Catalina-Rodriguez et al., 2012; Kolukula et al., 2014; Fernandez et al., 2018). Moreover, in vivo treatment with BTA resulted in a decreased subcutaneous tumor growth of human breast cancer cell line MDA-MB-231, lung cancer cell line H1299 and bladder cancer line xenografts (Catalina-Rodriguez et al., 2012; Kolukula et al., 2014). Due to its ability to regulate ROS synthesis, mCiC was found to play a major role in acquiring resistance to anti-cancer treatments (Fernandez et al., 2018). Consistently, blocking of SLC25A1 with BTA sensitized the cells to ionizing radiation through increased ROS synthesis. Moreover, citrate carrier expression was found to be increased under hypoxic conditions. Expression of SLC25A1 in patients with non-small cell lung carcinoma has been correlated with decreased survival (Hlouschek et al., 2018).

The results described above highlighting the role of mCiC in the regulation of glycolysis, mitochondrial activity and metabolism under hypoxia contain some controversies. Increased expression of mCiC under hypoxic conditions should not be able to effectively rescue mitochondrial citrate synthesis when no oxygen is present. Moreover, blocking of mCiC with BTA should decrease ROS synthesis due to the decreased mitochondrial activity rather than increase it (Fernandez et al., 2018). Most of these discrepancies could be potentially explained by our recent data showing that cancer cells of different origin can take up extracellular citrate through the plasma membrane citrate transporter pmCiC (Mycielska and Geissler, 2018; Mycielska et al., 2018, 2019), which is a variant of the mitochondrial SLC25A1 (mCiC). pmCiC has a different start codon which is located in the intron preceding second exon of the mCiC (Mazurek et al., 2010). The two variants have different first exons with the remaining sequences identical between the two variants. Therefore, both transporters should be sensitive to the same blockers. Moreover, the primers, siRNAs and antibodies used in these studies will likely not distinguish between the two variants. This would indicate that BTA or siRNAs used are likely to affect both transporters and therefore produce a rather complex effect. Lack of the import of extracellular citrate by cancer cells subjected to such blockers or siRNAs would explain some of the described above results. First, blocking of extracellular citrate uptake could explain increased need of citrate synthesis in mitochondria consistent with increased glycolysis rate and ROS synthesis. In fact, we have shown already that mCiC expression is upregulated in cancer cells in the absence of extracellular citrate and the same holds true for the increased ROS synthesis (Mycielska et al., 2018). Second, increased expression of mCiC alone in hypoxia would not make much sense, as there is little oxygen available thus reducing mitochondrial activity. However, increased citrate import through pmCiC could explain the overall increase in the expression of mCiC/pmCiC as observed in different studies. Increased uptake of extracellular citrate under hypoxic conditions could rescue the overall cancer cell metabolism and sustain fatty acid synthesis. Finally, it will also be important to check the differential expression of mCiC and pmCiC in patient samples and study the correlation between the expression level of each of the variant and the overall survival.

SLC13A5 as another contributor to cytoplasmic citrate detected in cancer cells. SLC13A5 is a Na+-coupled citrate transporter (also called NaCT) expressed in the plasma membrane of certain cell types (Inoue et al., 2002a,b, 2004; Gopal et al., 2015). It is expressed predominantly in liver, brain, and testes, with liver being the tissue of the most abundant expression. The location of the transporter in hepatocytes is restricted to the blood-facing sinusoidal membrane, indicating that the physiologic role of this transporter is to deliver citrate from the circulation into the cells (Gopal et al., 2007). Loss-of-function mutations in SLC13A5 cause a severe disease, known as Early Infantile Epileptic Encephalopathy-25 (EIEE-25) (Bhutia et al., 2017; Jaramillo-Martinez et al., 2020), which highlights the biologic role of the transporter that is obligatory for brain function. Surprisingly, Slc13a5-null mice are phenotypically normal with no evidence of brain dysfunction (Birkenfeld et al., 2011), underlining potential differences between mice and humans in terms of the involvement of the transporter in brain function. However, the Slc13a5-null mice are resistant to diet-induced obesity, insulin resistance and metabolic syndrome (Birkenfeld et al., 2011; Bhutia et al., 2017; Willmes et al., 2018; Jaramillo-Martinez et al., 2020), which is obviously related to the role of the transporter in the liver. We have shown that SLC13A5 delivers extracellular citrate into the liver carcinoma cell line HepG2 for subsequent lipid synthesis (Inoue et al., 2003). Therefore, SLC13A5 ought to play a critical role as a determinant of cytoplasmic citrate at least in the liver, brain and testes. Given that citrate in the cytoplasm is obligatory for fatty acid and cholesterol synthesis and for promotion of cancer cell growth and proliferation, SLC13A5 must have relevance to cancer, at least in the liver where its expression is the most abundant. This is supported by a recent study in which SLC13A5 was shown to be a tumor promoter in hepatocellular carcinoma (Li et al., 2017; Peters, 2017). Silencing the transporter in the liver cancer cells led to decreased ATP, increased AMP-dependent kinase activity, and decreased mTORC1 signaling, consequently resulting in decreased growth of HepG2 cells into tumor in mouse xenografts.



CITRATE METABOLISM IN CYTOPLASM

We have shown recently that cancer cells take up extracellular citrate through the pmCiC (Mycielska et al., 2015, 2018; Mycielska and Geissler, 2018), and others have shown a similar role for the Na+-coupled citrate transporter NaCT (SLC13A5) (Inoue et al., 2003; Li et al., 2017; Kopel et al., 2020). Expression of pmCiC was found to correlate with the aggressiveness of cancer in human tissues and to be increased at the invasion front and at the sites of metastasis. In vitro, cancer cells incubated with extracellular citrate required less glucose, produced less ROS and decreased their mitochondrial activity (Mycielska et al., 2018). The presence of extracellular citrate reduced expression of mCiC in mitochondria consistent with the reduced release of this metabolite into the cytoplasm and increased uptake of citrate from the extracellular space. Extracellular citrate could directly supply cytosolic pathways and/or be incorporated into the Krebs cycle. However, reduced mCiC expression contradicts the latter possibility. The role of NaCT (SLC13A5) in supplying extracellular citrate has been documented at least in hepatocellular carcinoma and liver cancer cells (Inoue et al., 2003; Li et al., 2017; Kopel et al., 2020); this process is essential for the growth and proliferation of liver cancer cells in vitro and in vivo.

As in normal cells, cytoplasmic citrate could feed into several metabolic pathways and facilitate overall cancer cell metabolism. Citrate is the primary substrate for fatty acid and cholesterol synthesis; both of these two pathways occur in the cytoplasm. Therefore, citrate entering the cytoplasm via either pmCiC or NaCT could feed into these biosynthetic pathways directly. Citrate in the cytoplasm is metabolized by ATP-citrate lyase to acetyl-CoA and oxaloacetate (Table 1). Acetyl-CoA is then converted into malonyl CoA by acetyl-CoA carboxylase whilst oxaloacetate either enters into gluconeogenesis or gets metabolized to malate (malate dehydrogenase) and transported back to mitochondria through mCiC (Iacobazzi et al., 1996). For the entry of oxaloacetate into gluconeogenesis, the cytoplasmic enzyme phosphoenolpyruvate carboxykinase (PEPCK-C) is needed. It is an GTP-requiring enzyme. Oxaloacetate generated within the mitochondrial matrix via carboxylation of pyruvate by pyruvate carboxylase or via the TCA cycle using the various intermediates in the pathway (α-ketoglutarate, succinyl-CoA, and fumarate) could also enter gluconeogenesis via the mitochondrial PEPCK (PEPCK-M), and the resultant phosphoenolpyruvate is transported out of the mitochondria to feed into the gluconeogenic pathway in the cytoplasm. Interestingly, under glucose deprivation, cancer cells use mitochondrial PEPCK to support cell proliferation. In this case, glutamine is used as the primary substrate to produce phosphoenolpyruvate via oxaloacetate (glutamine → glutamate → α-ketoglutarate → succinyl-CoA → succinate → fumarate → malate → oxaloacetate) in the TCA cycle to supply the carbon skeleton for gluconeogenesis in the cytoplasm (Vincent et al., 2015). Similarly, cytosolic PEPCK has been determined to account for the switch from glutaminolysis to increased glucose consumption in case of glutamine restriction. Under the conditions of limited glucose supply, cancer cells also use glutamine to generate oxaloacetate, which enters the gluconeogenesis pathway in the cytoplasm to synthesize glucose-6-phosphate, which then feeds into the pentose-phosphate pathway to generate NADPH as a means to support the antioxidant machinery (Montal et al., 2015). Acetyl-CoA is used as the building block for the synthesis of fatty acids as well as cholesterol. Similar to fatty acids which are needed for the synthesis of phospholipids necessary for membrane biogenesis, cholesterol also serves an essential function in biomembranes, both being crucial for cancer cells (Coleman, 1986; Rao and Coleman, 1989). Accumulation of cholesterol in the mitochondrial membrane is responsible for its decreased permeability resulting in a tighter regulation of metabolite exchange with the cytoplasm (Baulies et al., 2018). Cholesterol plays a similar role in the control of permeability in the plasma membrane. Cytoplasmic citrate does not function simply as a precursor of acetyl-CoA to serve as the substrate for acetyl-CoA carboxylase; it is also a potent allosteric activator of this enzyme, thus promoting the synthesis of malonyl CoA. Interestingly, malonyl CoA feeds into fatty acid synthesis and at the same time blocks the entry of fatty acids into mitochondria by inhibiting the carnitine palmitoyl transferase 1. As such, malonyl CoA promotes fatty acid synthesis in the cytoplasm and simultaneously blocks breakdown of fatty acids inside the mitochondria. Thus, ATP-citrate lyase is obligatory for most of the anabolic pathways in the cytoplasm involving citrate. As such, this enzyme plays an essential role in cancer cells. Consequently, ATP-citrate lyase has been suggested as an anti-cancer drug target (Hatzivassiliou et al., 2005). Another function of acetyl-CoA in the cytoplasm is in the post-translational modification of enzymes via acetylation, which could impact on their biological function. Acetyl-CoA can also enter the nucleus to modify histones with acetylation, which plays an important role in epigenetic control of transcription (Wellen et al., 2009).

To enhance fatty acid synthesis, cancer cells not only need increased citrate supply in the cytoplasm but also increased supply of NADPH as the reducing equivalent as synthesis of one palmitate requires 14 NADPH molecules (Hochachka et al., 2002). The primary source of NADPH in mammalian cells is the pentose-phosphate pathway (PPP). This pathway is particularly pronounced in cancer cells, supplying pentose phosphates necessary for nucleic acids synthesis and NADPH necessary for anabolic pathways such as the fatty acid/cholesterol synthesis (Patra and Hay, 2014). The PPP consists of two arms: oxidative and non-oxidative. Diversion of PPP into oxidative arm occurs in cells which need to produce NADPH and maintain their redox balance while non-oxidative PPP is used to support nucleic acids synthesis and further proliferation. To support the increased demand for ribose-5-phosphate, cancer cells increase the non-oxidative arm of the PPP by regulating expression of specific target enzymes in the pathway (Langbein et al., 2006; Liu et al., 2010). Phosphoglycerate mutase (PGAM) is a dimeric enzyme comprising of two subunits PGAM1 and PGAM2. The tumor suppressor p53 elicits a negative effect on the oxidative arm of PPP by suppressing the glycolytic enzyme PGAM1 (phosphoglycerate mutase 1). As p53 gets mutated in a majority of cancers, this effect is reversed in cancer cells resulting in increased expression and activity of PGAM1. Since PGAM1 converts 3-phosphoglycerate into 2-phosphoglycerate in glycolysis, an increase in the activity of this enzyme in cancer cells causes a decrease in 3-phosphoglycerate. 6-Phosphogluconate dehydrogenase is an enzyme in the oxidative arm of PPP and this enzyme is inhibited by 3-phosphoglycerate. As such, the decrease in 3-phosphoglycerate in cancer cells relieves this inhibition and consequently potentiate the oxidative arm of PPP, thus resulting in increased generation of NADPH (Hitosugi et al., 2012).

NADPH can also be synthesized as a by-product in another cytosolic pathway involving citrate metabolism via cytosolic aconitase (c-ACN). c-ACN is an interesting protein known more commonly as Iron Regulatory Protein1 (IRP1). When intracellular Fe is low, IRP1 upregulates expression of proteins responsible for Fe uptake. In the presence of increased levels of intracellular Fe, IRP1 forms Fe-S clusters which prevent its binding to RNA; thus the protein loses its function as IRP1 but acquires activity of c-ACN (Bodiga and Krishnapillai, 2007; Wang et al., 2008). c-ACN metabolizes citrate into isocitrate which is then transformed into α-ketoglutarate with a concomitant synthesis of NADPH, the latter step mediated by cytosolic isocitrate dehydrogenases 1 and 2 (IDH1/2), which generate NADPH in contrast to the mitochondrial IDH (i.e., IDH3) which generates NADH. α-ketoglutarate is used in the Krebs cycle. Consistently, inhibition of c-ACN resulted in decreased NADPH:NADP ratio and decreased expression of genes associated with lipogenesis during differentiation of human adipocytes (Moreno et al., 2015). This would strongly suggest that increased synthesis of fatty acids requires activity of c-ACN.

The cytosolic c-ACN functioning as IRP1 as well as the enzyme in the conversion of citrate into isocitrate enables a cross-talk between cellular iron status and fatty acid synthesis. Cancer cells reprogram iron-regulatory pathways to increase iron uptake (Jung et al., 2019). Fe in blood is complexed with transferrin (Tf) and taken up by cells through TfR1 (Tf receptor 1). TfR1 expression has been found not only to be increased in cancer cells but also to correlate with increased motility, proliferation and adhesion, and also increased resistance to chemotherapy (Greene et al., 2017). Moreover, cancer cells express increased levels of DMT1 (divalent metal transporter 1; Xue et al., 2016) in endosomes facilitating Fe transport into the cytoplasm following TfR1-mediated endocytosis of transferrin-bound iron. Cancer cells also suppress the expression of the iron exporter ferroportin (SLC40A1), thus enhancing iron retention inside the cells (Kong et al., 2019). The expression of ferritin, responsible for iron storage inside the cells, is also expressed at higher levels in cancer cells (Wang et al., 2018). Increased intracellular Fe levels in cancer cells (Brown et al., 2020a) will facilitate the transition of c-ACN from IRP1 to the mediator of citrate-to-isocitrate conversion. With pmCiC and NaCT functioning to bring extracellular citrate into the cancer cells, excess iron promotes the conversion of citrate into isocitrate in the cytoplasm via c-ACN with subsequent generation of NADPH. Therefore, this pathway could provide another way of supplying cancer cell cytoplasm with NADPH and help keeping redox balance. In this way, influx of extracellular citrate could release not only mitochondria from excess citrate synthesis, reduce ROS production (therefore increase resistance to chemotherapy) but also allow the use of other metabolic pathways like PPP in the most beneficial way for cancer cells. It is therefore not surprising that chronic exposure to excess iron as occurs in the genetic iron-overload disease hemochromatosis transforms normal cells into cells with a tumor phenotype (Gnanaprakasam et al., 2013; Bhutia et al., 2020) and also increases the risk of cancer, particularly liver cancer (Grosse et al., 2018) and colon cancer (Sivaprakasam et al., 2020).



METABOLIC CROSSTALK BETWEEN CANCER AND ITS ENVIRONMENT

Extracellular metabolic support is crucial for cancer cells, and cancer-associated stroma can potentially supply necessary metabolites. In recent years it has been realized that cancer operates as a dysfunctional and constantly evolving tissue rather than merely clonal evolution with the neoplastic cells themselves (Hanahan and Weinberg, 2000). The role and composition of the cancer microenvironment has been extensively reviewed in recent years (Sahai et al., 2020) and will only be summarized briefly here (Figure 2). The tumor microenvironment is composed of a distinctive microbiome, blood vessels, cells of the adaptive and innate immune systems and stromal cells which include cancer-associated fibroblasts (CAFs), which have been proposed as a novel cellular target for cancer therapy. The origin, defining features and properties of CAFs have been reviewed recently (Sahai et al., 2020). CAFs secrete a number of molecules that include transforming growth factor beta, vascular endothelial growth factor, platelet-derived growth factor, collagens, matrix metalloproteinases and cytokines. CAFs are also prone to undergo senescence albeit at a low frequency and exhibit a reduced replicative lifespan in vitro (Pitiyage et al., 2011; Costea et al., 2013; Hassona et al., 2013). The properties of CAFs and senescent fibroblasts overlap substantially (Lim et al., 2011; Faget et al., 2019; Sahai et al., 2020) but are not identical (Mellone et al., 2016). Fibroblast populations from pre-malignant (Pitiyage et al., 2011) and malignant (Mellone et al., 2016) lesions are composed of pro-fibrogenic and anti-fibrogenic cells.
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FIGURE 2. The cartoon summarizes current data on the role of CAF-derived metabolites and the regulation of cancer phenotypes (gray boxes) and especially the influence CAFs have on epithelial-mesenchymal transition (EMT), invasion, metastasis and angiogenesis (white boxes). Carcinoma cells produce excess hydrogen peroxide and induce fibroblast activation in neighboring fibroblasts, which also have an increased propensity to undergo senescence. Senescent cells are normally cleared by the immune system. However, if they escape, they also produce tumor promoting stimuli, which are similar but not the same as those of CAFs. Metabolically CAFs and senescent fibroblasts modulate redox homeostasis and shift their metabolism toward glycolysis and the extracellular metabolites produced are summarized in the colored boxes. In particular, the secretion of energy metabolites to drive carcinoma cell energy and fatty acid metabolism as well as epigenetic regulation may be particularly important.


The exchange of metabolites between cancer cells and CAFs has only been investigated relatively recently and has produced a variety of observed relationships between CAFs and various types of cancer (Martinez-Outschoorn et al., 2014; Valencia et al., 2014; Bertero et al., 2019; Sanford-Crane et al., 2019; Sahai et al., 2020). However, one of the central observations is that CAFs shift their energy metabolism toward glycolysis (Kalluri, 2016) and advanced senescent fibroblasts likewise (James et al., 2015, 2018). In addition, senescent cells upregulate the PPP (James et al., 2015), NADPH (James et al., 2016), several lipids (James et al., 2016) and PGAM2 transcript (James et al., 2015) and so in these respects they resemble cancer cells but possess low chronic wild type p53 activity (Wiley and Campisi, 2016). The activation of fibroblasts into CAFs also promotes catabolism and autophagy (Kalluri, 2016). In prostate (Ippolito et al., 2019) and squamous cell carcinoma (Zhang et al., 2020), CAFs promote oxidative phosphorylation, epithelial-mesenchymal transition (Ippolito et al., 2019), tumorigenicity (Zhang et al., 2020), increased metastatic spread and drug resistance by secreting lactate (Ippolito et al., 2019; Zhang et al., 2020). There is a reciprocal relationship between CAFs and squamous cancer cells where glutamine provided by the cancer cells maintains redox homeostasis in the CAFs. The CAFs in turn release aspartate to promote nucleotide synthesis and a reduction in both amino acids in tumors reduces proliferation (Bertero et al., 2019). Pyruvate release by CAFs promotes lymphoma cell survival by upregulating the Krebs cycle (Sakamoto et al., 2019) and promotes extracellular matrix remodeling and breast cancer metastasis via α-ketoglutarate (Elia et al., 2019). Lactate is another tumor cell-derived metabolite that elicits a pivotal cross-talk with the tumor microenvironment. Extracellular lactate, generated and then released by cancer cells, acts as a signaling molecule via its receptor GPR81 expressed on immune cells present in the tumor microenvironment; this cross-talk facilitates immune evasion of the tumor cells (Brown et al., 2020). Lactate is not the only signaling molecule for the cross-talk between tumor cells and stromal cells. The ketone body β-hydroxybutryate also functions as a signaling molecule to facilitate communication between cancer cells and stromal cells (Ristic et al., 2017). Autophagy in stromal fibroblasts which is associated with both CAFs and senescence can generate alanine to fuel the Krebs cycle of pancreatic adenocarcinoma cells (Sousa et al., 2016; Sanford-Crane et al., 2019). Metabolic dysregulation of CAFs may also be coupled to altered immunoregulation, possibly through IL-6 production or depletion of immunomodulating amino acids (Valencia et al., 2014). Although many metabolites have now been implicated in the crosstalk between cancer cells and their environment, none of these studies as yet has focused on citrate which lies at the crossroads of energy and lipid metabolism as well as epigenetic regulation. With regard to citrate in the tumor microenvironment, two aspects seem very relevant. First, the acidic pH in the tumor microenvironment is important for the entry of extracellular citrate into cancer cells via pmCiC and NaCT. As citrate is a trivalent anion under physiological pH, its presence in the single-protonated divalent anionic form for transport via pmCiC is facilitated by the acidic tumor microenvironment. Similarly, even though NaCT is a Na+-coupled transporter for citrate, its transport function is markedly stimulated by extracellular acidic pH because one of the Na+-binding sites shows much higher affinity for H+ than for Na+ (Gopal et al., 2015). Second, citrate in the tumor microenvironment as a promoter of tumor cell growth becomes especially important metastatic tumors growing within the bone. Citrate is present at high concentrations in the bone matrix; in fact, ~70% of citrate in the body resides within the bone. When metastatic tumors grow within the bone matrix, tumor cells secrete metalloproteinases to degrade bone matrix, thus essentially dissolving the bone mineral. This process releases citrate in the microenvironment. As such, tumor cells growing in bone are exposed to high levels of citrate in the microenvironment, which is available to support the tumor cell growth.



CONCLUSIONS

In the process of metastasis and distant organ colonization, cancer cells are faced with changing extracellular conditions including availability of different metabolites. Based on the available literature, we have shown here that cancer cells have a remarkable flexibility in using different pathways to overcome shortage in certain metabolites. This makes their metabolism adjustable and sustainable regardless of the extracellular conditions. Citrate supply and synthesis, discussed in this review, can be used as an example of how cancer cells account for the missing metabolites. In this case, several mechanisms are employed including serine/glycine pathway, truncated and reverse Krebs cycle or lactate uptake to boost mitochondrial citrate synthesis. Most of these reprogrammed metabolic pathways have been shown to function in vitro. It is however possible that in vivo where the surrounding conditions are less friendly, cancer cells must find a more stable way of getting the supply of the necessary metabolites, which could come from the stromal cells. It is important to fully understand the metabolic addictions of cancer cells and their reliance on the cancer-associated stroma to be able to devise novel and more efficient and selective strategies to combat cancer.
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This study examined metabolite profile differences between serum samples of thyroid papillary carcinoma (PTC) patients and healthy controls, aiming to identify candidate biomarkers and pathogenesis pathways in this cancer type. Serum samples were collected from PTC patients (n = 80) and healthy controls (n = 80). Using principal component analysis (PCA), partial least squares discrimination analysis(PLS-DA), orthogonal partial least square discriminant analysis (OPLS-DA), t-tests, and the volcano plot, a model of abnormal metabolic pathways in PTC was constructed. PCA, PLS-DA, and OPLS-DA analysis revealed differences in serum metabolic profiles between the PTC and control group. OPLS-Loading plot analysis, combined with Variable importance in the projection (VIP)>1, Fold change (FC) > 1.5, and p < 0.05 were used to screen 64 candidate metabolites. Among them, 22 metabolites, including proline betaine, taurocholic acid, L-phenylalanine, retinyl beta-glucuronide, alpha-tocotrienol, and threonine acid were upregulated in the PTC group; meanwhile, L-tyrosine, L-tryptophan, 2-arachidonylglycerol, citric acid, and other 42 metabolites were downregulated in this group. There were eight abnormal metabolic pathways related to the differential metabolites, which may be involved in the pathophysiology of PTC. Six metabolites yielded an area under the receiver operating curve of >0.75, specifically, 3-hydroxy-cis-5-tetradecenoylcarnitine, aspartylphenylalanine, l-kynurenine, methylmalonic acid, phenylalanylphenylalanine, and l-glutamic acid. The Warburg effect was observed in PTC. The levels of 3-hydroxy-cis-5-tetradecenoylcarnitine, aspartylphenylalanine, l-kynurenine, methylmalonic acid, phenylalanine, and L-glutamic acid may help distinguish PTC patients from healthy controls. Aspartic acid metabolism, glutamic acid metabolism, urea cycle, and tricarboxylic acid cycle are involved in the mechanism of PTC.

Keywords: thyroid papillary carcinoma, metabolite profile, serum samples, principal component analysis, orthogonal partial least square discriminant analysis


INTRODUCTION

Thyroid cancer is the most common type of endocrine tumor in clinical practice, accounting for 1.1% of all malignant tumors (Bray et al., 2018), while PTC is the most common type of thyroid cancer, accounting for ~90% of all cases. It is more common in women aged 30–45 years. PTC has good differentiation and low malignancy; however, it is prone to early lymph node metastasis (Ferlay et al., 2013). Therefore, early diagnosis and treatment are paramount to patient survival. Ultrasound-guided fine needle aspiration cytology (FNAC) is a commonly used auxiliary examination for the diagnosis of thyroid cancer. Although imaging tests have high sensitivity in the diagnosis of thyroid cancer, their specificity is poor (Remonti et al., 2015). FNAC is currently the most accurate and cost-effective method for assessing benign and malignant thyroid nodules; however, ~20–30% of cases cannot be confirmed as either benign or malignant by FNAC alone (Faquin, 2008; Fish, 2017). Because some papillary thyroid microcarcinomas have fewer abnormal cells, they may be missed or even misdiagnosed when only the FNAC method is performed (Kim et al., 2011). Therefore, several genetic tests have been proposed as useful in the diagnosis of thyroid cancer, including tests for BRAF and NRAS mutations, and RET translocation tests; in fact, BRAF mutations have been reported in 30–80% of PTC cases (Jin et al., 2006). However, samples from suspicious thyroid nodules that test negative for the BRAF gene mutation do not automatically exclude the possibility of PTC. In cases of inconclusive cytology findings, the detection of BRAF gene mutations can improve the rate of diagnosis of PTC (Johnson et al., 2014). Meanwhile, FNAC is an invasive examination, and the preoperative acceptance of patients is generally limited, but the clinical applicability of the latter is not very strong. Overall, this evidence indicates a need for a stable and reliable biomarker to assist in the diagnosis of thyroid cancer.

Metabolomics refers to a comprehensive analysis of the metabolome of biological systems under specific conditions. It is a type of high-throughput technology that plays an important role in systems biology research. The metabolome consists of thousands of complex molecular metabolites, whose relative molecular mass is <1 × 103 (Barnes et al., 2016). High Performance Liquid Chromatography of Quadrupole Time of Flight Mass Spectrometry (HPLC-Q-TOF-MS/MS) combines liquid chromatography and mass spectrometry, thereby allowing to examine metabolites and perform stoichiometric analysis and improving the understanding of the molecular mechanisms of cancer development and associated biomarkers (Monteiro et al., 2013). The HPLC-Q-TOF-MS/MS platform allows for the separation and identification of complex mixtures, combining the compound separation capacity of the liquid chromatograph with the component identification ability of the mass spectrometer, resulting in high detection sensitivity and wide coverage of metabolite detection (Shepherd et al., 2011). Metabolomics is key to the understanding of the mechanisms of various cancers. For example, Yuan et al. (2018) used tandem mass spectrometry (UHPLC-MS/MS and FIA-MS/MS) to compare the types and levels of metabolites extracted from the plasma of patients with primary breast cancer with those of healthy controls, revealing that metabolites are mainly involved in amino acid metabolism and breast cancer cell growth pathways. Concurrently, Han et al. (2020) used UHPLC-MS/MS to show that retinol is a biomarker that distinguishes hepatocellular carcinoma (HCC) from adjacent tissues. The reported area under the curve associated with retinol (The area under curve, AUC = 0.991) suggests that it is important in HCC. Several previous studies have used metabolomics technology to distinguish PTC patients from healthy subjects; however, the studies had certain limitations. The advantages of the current study were as follows: (1). HPLC-Q-TOF-MS/MS is a novel method for identifying non-target metabolites, although it is less used in PTC research. (2). The sample size was sufficient. Using HPLC-Q-TOF-MS/MS to assess metabolic changes of PTC, we established a reliable statistical model that could distinguish and predict PTC patients and healthy controls. The main purpose of the study were as follows: (1). to identify metabolic markers that can distinguish PTC patients from healthy subjects using metabolomics; (2). to determine detailed metabolic changes and related metabolic pathways in PTC; and (3). to provide evidence for the diagnosis and treatment of PTC patients on the basis of science.



MATERIALS AND METHODS


Patients and Study Design

This study complied with the guidelines of the Declaration of Helsinki and the Conference for Coordination of Clinical Practice and was approved by the Ethics Committee of Hunan Provincial People's Hospital. Each participant signed an informed consent form. The seventh edition of the American Joint Committee on Cancer Tumor-Lymph Node Metastasis staging system was used to determine PTC stage (Edge and Compton, 2010). This case-control study involved obtaining a serum sample from PTC patients undergoing total thyroidectomy at the study site between October 2018 and February 2020. Patient eligibility was confirmed based on pathological findings after thyroidectomy; only patients diagnosed with PTC were included; in contrast, patients with micro-PTC were excluded from this study. None of the patients had a history of another cancer, normal levels of thyroid hormones (T3 and T4), thyroid-stimulating hormone (TSH), no thyroid hormone medications before surgery, no other forms of cancer, immune blood system diseases, or metabolic disorders (metabolic syndrome, diabetes, and insulin resistance). Healthy controls visited the hospital to draw blood voluntarily for regular physical examinations. Healthy controls were recruited from among the individuals referred to the Saeed Pathobiology and Genetics Laboratory for routine examinations. Laboratory examination results confirmed normal levels of T3, T4, and TSH, and the absence of hypothyroidism, hyperthyroidism, nodular goiter, or autoimmune thyroid inflammation.

Each PTC patient provided ~5 ml of blood before the operation (patients were treatment-naïve at the time of sample collection); healthy controls provided blood samples after overnight fasting. Blood samples from both groups were stored for 2 h at 4°C and were subsequently centrifuged for 10 min at 4°C and 3,000 rpm. The centrifuged serum samples were extracted into 1.5 ml Eppendorf (Eppendorf Corporation, Germany)microtubes and stored at −80°C for later use.



Serum Metabolite Extraction

Serum metabolites were extracted by adding 400 μl protein precipitant (MEthanol/ACN,v/v, 2:1) and 10 μl internal standard (L-2-chlorophenylalanine, 0.3 mg/ml, methanol preparation) to 100 μl of serum into 2 ml Eppendorf (Eppendorf Corporation, Germany)microtubes. The tube was vortexed for 30 s, ultrasonicated for 10 min (4°C water bath) and cooled at −20°C for 1 h. The tube was then centrifuged at 4°C at 13,000 rpm for 15 min to remove the precipitated protein.The supernatant of each sample was collected and stored in a refrigerator at −20°C.

Quality Control (QC) preparation: 10 μl was taken from each sample and added into 2 ml Eppendorf (Eppendorf Corporation, Germany)microtubes.Then vortex and divide into 200 μl for each tube.Quality control (QC) samples were pooled and pretreated using the same procedure to improve the data quality for metabolic profiling.



HPLC-Q-TOF-MS/MS Metabolomics Analysis

HPLC-Q-TOF-MS/MS (Bruker Corporation, USA) was used as a metabolite separation and detection platform to study the metabolite differences between the PTC and control groups. The data were collected under the positive and negative ion modes of mass spectrometry. HPLC-Q-TOF-MS/MS conditions were the following: ACCLAINMTMRSLC120-C18 column (100 × 2.1 mm,2.2 μm) (Thermo fisher scientific, USA) at 40°C with 3 μl sample injection; mobile phase A was 0.1% (volume fraction) formic acid/water, and mobile phase B was 0.1% (volume fraction) acetonitrile/water (containing 0.1% formic acid). The gradient was set as follows: 2% B for 0–2 min, 50% B for 2–12 min, 90% B for 10–30 min, and 98% B for 30–60 min. The flow rate was maintained at 400 μl/min. The mass spectrometry conditions were as follows: Electrospray ion source was detected using positive and negative ion mode; high purity N2-assisted spray ionization and solvent removal was used; the flow rate was 1.2 l/min, the mass scanning range was 20–1,000 m/z, and the drying temperature was 200°C. In ESI positive mode, the Spray voltage (ISVF) is 4,500 V, and the capillary voltage is 100 V; in ESI negative ion mode, the Spray voltage (ISVF) is −4,500 V, and the capillary voltage is −100 V, fragmentor voltage 70 V.Quality control samples (QC samples) were analyzed five times at the beginning of the run and injected once after every 20 injections of the random sequenced samples.



Raw HPLC-Q-TOF-MS/MS Data Processing

Metaboscape 3.0 (Bruker Corporation, USA) software was used to perform data cleaning, including peak extraction, noise reduction, standardization, and export, among others. Minimum Peak Length (3–5) spectrum; Recursive Feature Extraction/ Recursive Feature Extraction: Minimum Peak Length (Recursive) (5–7) spectrum. Minimum feature for extraction and presence of features in minimum of analyses will be selected according to the actual sample size. According to the 80% principle (Bijlsma et al., 2006), given 80 analyses, 64/80 analyses, retention time range [0, 30] min, and mass range [20, 1,000] M/Z. Ion Deconvolution/ Deconvolution inverse volume product EIC correlation ≥0.8. The ion fragments [such as [M+H]+, [M-H]–] were then recombined. Subsequently, the known false positive peaks, such as derivative chemical reagent peak, noise, and column loss peak, were removed from the data matrix; finally, the redundancy and peak combination procedures were performed. The data were uploaded to Annotate with Analyte List (HMDB database www.hmdb.ca), Annotate with Spectral Library [the standard product database created by Bruker [the most accurate]], and Annotate with Smartformula (online website database) database for matching and finally maintain the output A three-dimensional data matrix of time, mass response intensity, mass-to-nucleus ratio (M/Z), sample information, etc. This matrix was suitable for data analysis software such as SIMCAP, SPSS, and R language.



Statistical Analysis

The metabolic profiles of serum samples were compared between the PTC and control groups, using multivariate and univariate analyses. Variable distribution was normalized using Log transformation and Pareto scaling for all pre-processed data. The Mann-Whitney-Wilcoxon test with false discovery rate correction was used to measure the significance of each metabolite. The SIMCAP14.1 software (Umetrics, Umea, Sweden) was used to PCA, PLS-DA, and OPLS-DA to determine the differences in metabolic profiles between the groups. The quality of the model is determined by the values of R2Y and Q2. R2Y represents the explanatory rate model, Q2 represents the forecast rate. Higher values of R2Y and Q2 usually indicate that the model is more reliable.Benjamini-Hochberg false discovery rate (FDR) procedure was employed for the multiple test adjustments. Adjusted p < 0.05 were considered statistically significant. Two hundred Permutation test was used to test model reliability. R2 and Q2 are obtained through permutations test, and its function is to verify whether the model is overfitting. When R2 > 0 and Q2 < 0, it means that the model is not overfitting and the model is reliable.VIP index represents the importance of each variable to model performance and describes the overall contribution of each variable to the model. Variables with a VIP of >1 have greater significance than do their counterparts. These variables were obtained from the PLS-DA model and adjusted p < 0.05.One-way analysis of variance and volcano plot were used to identify which metabolites annotated in the HPLC-Q-TOF-MS/MS dataset were significantly affected by the factor assessed in the experiment. MetaboAnalyst 4.0 (https://www.metaboanalyst.ca/) drew a heatmap, which was based on the estimates derived from the Spearman rank correlation and cluster analysis. The receiver operating characteristic (ROC) curve analysis was performed using the survival analysis module to evaluate the area under the curve (AUC) and to compare the diagnostic ability of significant metabolites between the tested groups.



Metabolic Pathway Analysis

Use MetaboAnalyst 4.0 (https://www.metaboanalyst.ca/) on the difference of PTC patients serum and healthy subjects serum metabolites analysis of metabolic pathways, the purpose is to explain the biological correlation between PTC patients and healthy subjects. In this study, we referred to the Kyoto Encyclopedia of Gene and Genomes (KEGG, https://www.genome.jp/kegg) and the Human Metabolome Database (HMDB, https://hmdb.ca/) to elucidate any changes or interference patterns observed in the metabolic pathways in the study participants. KEGG is a knowledge base and is used for systematic analysis of metabolite function (Du et al., 2014). HMDB is a comprehensive database of metabolomics and metabolites biology (Wishart et al., 2013). MetaboAnalyst 4.0 combines enrichment and topology pathway analyses to identify relevant pathways. The module of pathway analysis was based on the KEGG database; the enrichment analysis was based on the Small Molecule Pathway Database (http://smpdb.ca/) (Jewison at al, 2014).



Ethics Statement

The study was conducted in accordance with the Helsinki Declaration and was approved by the Ethics Committee of Human Provincial People's Hospital in Changsha, Hunan Province, China. Patients/participants provided their written informed consent to participate in the study.




RESULTS


Clinical Characteristics of the Subjects

There were 80 PTC patients (18 men and 62 women; age range, 20–72 years), and 80 healthy controls (32 women and 48 men; age range, 30 and 67 years). The median age of the PTC and control groups was 41.63 ± 11.213 years and 43.44 ± 8.378 years, respectively; this difference was no statistically significant (p > 0.05) (Table 1).


Table 1. Clinical and pathological characteristic of the participants.
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Serum Metabolomics Profiles in the PTC and Control Groups

After Metaboscape 3.0 pretreatment, a series of metabonomic data was obtained. In positive ion patterns, there were 384 identifiable peaks (Supplementary Figure 1), representing 384 detected metabolites. Supplementary Figure 1 shows the base peak chromatograms (BPC) of the PTC and control group serum samples. In negative ion patterns, there were 678 identifiable peaks (Supplementary Figure 2), representing 678 detected metabolites. Supplementary Figure 2 shows the BPC of the PTC and control group serum samples. There were significant between-peak differences in intensity, indicating that in the positive and negative ion mode, there were significant between-group differences in the metabolic profiles.

Statistical tests commonly used to examine between-group differences in metabolite profiles include the t-test, FC analysis, and volcano plot. Univariate analysis can intuitively show the significance of different metabolites in two samples, and it is an essential statistical method in screening differential metabolites. A p < 0.05 was used to screen the different markers. Meanwhile, the volcano map (Figures 1A,B) was drawn based on the FC values and t-test findings (Supplementary Tables 1, 2). In the positive and negative ion mode, a total of 27 (Supplementary Table 1) and 73 different metabolites (Supplementary Table 2) were screened, respectively. Between-group differences in metabolites in the positive and negative ion modes were plotted as volcanic maps; red dots represent the differences in serum metabolites between the PTC and control groups. The volcanic map of metabolites given the positive and negative ion modes is shown in Figures 1A,B, respectively; there were 27 and 73 different metabolites, respectively. These findings indicated that amino acids, fatty acids and their derivatives, and nucleotides, among others, were the most important metabolites that differed between the groups. In particular, an increase in the levels of proline betaine, L-phenylalanine, threonic acid, isobutyryl-L-carnitine, and retinyl beta-glucuronide was observed in the PTC group, presenting candidate metabolic markers for differentiating PTC patients from healthy controls.


[image: Figure 1]
FIGURE 1. (A,B) Volcano diagrams showing the changes in PTC and the most important metabolites of healthy subjects. (A) Represents the volcano map in positive ion mode, and (B) represents the volcano map in negative ion mode. The red dots in the figure represent differential metabolites, and the black dots represent no significant difference. The red dot on the right side of the figure represents the upregulated metabolite, and the red dot on the left side represents the downregulated metabolite. x-axis corresponds to log2 (fold change) and y-axis corresponds to –log10 (p-value). (C,D) Heatmap visualization of metabolomics data with hierarchical clustering analysis (HCA). (C) Represents the heatmap in positive ion mode, and (D) represents the heatmap in negative ion mode. The red color represents the peak value that is relatively large; the blue color represents the peak value that is relatively small; and the gray color represents the metabolite peak value of zero. The more similar the color, the more similar the peak value. The panel on the right represents the different metabolites. The upper dendritic structure is clustered according to the degree of metabolite similarity across samples. The red line below the dendritic structure represents the PTC group, and the green line represents the control group. PTC, papillary thyroid carcinoma; Control, healthy subject.


Hierarchical cluster analysis was used to cluster all metabolomic data with a p < 0.05 to examine the metabolites significantly changed between different groups. Within-group sample similarity was evaluated and presented as a heatmap obtained in positive and negative ion modes (Figures 1C,D, respectively). These data indicate specific patterns of differences in the metabolites between PTC and healthy controls.



Screening of Differential Metabolites in Serum Samples Between the Two Groups

In the positive and negative ion mode, through the PCA model, we found that the clustering degree of the QC samples was good, indicating that the instrument was stable during this experiment. At the same time, we also found signs of separation between the PTC group and the Control group. The red triangle, green dot and blue square in the figure represent the QC group, the control group and the PTC group, respectively (Figures 2A,B).


[image: Figure 2]
FIGURE 2. PCA (A,B), PLS-DA (C,D), and OPLS-DA (G,H) analysis score scatter plots illustrating that the metabolic profiles of PTC are distinct from those of healthy subjects. PLS-DA and OPLS-DA analysis score scatter plots for metabolic profiles of healthy subjects (green dots) and PTC patients (blue squares) showing clear discrimination between the two groups. (E,F,I,J) Permutation test was used to assess the reliability of the models. ROC curve analyses of the ability of six metabolites to predict PTC patients and healthy subject (K–P). PCA, principal component analysis; PLS-DA, partial least squares discrimination analysis; OPLS-DA, orthogonal partial least squares-discriminant analysis; QC, Quality Control; PTC, papillary thyroid carcinoma; Control, healthy subject. ROC, receiver operating characteristic.


Use the PLS-DA method to analyze the metabolite profile of the serum sample, as shown in Figure 1C: in the positive ion mode, the metabolomics data of serum samples were analyzed by PLS-DA, suggesting that there were significant differences between PTC and Control groups [R2X (cum) = 0.497, R2Y (cum) = 0.882, Q2 (cum) = 0.735). In the PLS-DA model, after 200 permutations tests, the R2 intercept of the substitution test in the positive ion mode was 0.505, and the intercept of Q2 was −0.33 (Figure 2E), suggesting model reliability, given no evidence of over-fitting;As shown in Figure 1D: in the negative ion mode, the metabolomics data of the PTC and Control groups also have significant differences between groups [R2X(cum) = 0.679, R2Y(cum) = 0.916, Q2(cum) = 0.634]. After 200 permutations tests, the R2 intercept of the substitution test in the positive ion mode was 0.831, and the intercept of Q2 was −0.0441 (Figure 2F), suggesting model reliability, given no evidence of over-fitting. These findings indicate that the PLS-DA model could be used to distinguish PTC patients from healthy controls; The parameters included in the model in both ion modes are shown in Supplementary Tables 3, 4.

To achieve the greatest separation of metabolites between the two sets of samples, OPLS-DA was performed (Figures 2G,H). In the positive and negative ion modes, there was a clear separation between the groups; concurrently, there were clear between-group differences in serum metabolic profiles. The samples from both groups tended to cluster in a concentrated manner, with a high degree of aggregation, without any obvious intragroup difference. In the OPLS-DA model, after 200 permutations tests, the R2 intercept of the substitution test in the positive ion mode was 0.506, and the intercept of Q2 was −0.493 (Figure 2I); the corresponding values in the negative ion mode were 0.455 and −0.3 (Figure 2J), suggesting model reliability, given no evidence of over-fitting. These findings indicate that the OPLS-DA model could be used to distinguish PTC patients from healthy controls; the model has a high discrimination and prediction rates (P < 0.05).

To distinguish the most important metabolites between the groups, FC, p-values, and VIP scores were used to screen for differential metabolites. In the positive and negative ion mode, the PCA-, PLS-DA-, and OPLS-DA-based models for distinguishing between the groups were constructed, and between-group metabolic differences were determined. Given VIP > 1.0, FC > 1.5, and p < 0.05, 64 metabolites were identified (Table 2). Among them, the levels of 22 metabolites showed a significant upward trend in the PTC group, including proline betaine, taurocholic acid, threonic acid, 3-hydroxyhexadecadienoylcarnitine, and dopamine. In contrast, the levels of 42 metabolites showed a significant downward trend in the PTC group, including L-tyrosine, 8-hydroxy-deoxyguanosine, 3-hydroxy-cis-5-tetradecenoylcarnitine, L-tryptophan, phenylalanylphenylalanine, argininic acid, beta-alanine, acetone, citric acid, and glucose 6-phosphate.


Table 2. Differential metabolites in the serum of papillary thyroid cancer patients and healthy subjects with positive and negative ion patterns.
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Finally, ROC curve analysis was used to evaluate the diagnostic ability of the differential metabolites for PTC screening (Table 2). False positive rate and True positive rate are presented along the x-axis and y-axis, respectively. The AUC values of 6 metabolites in the PTC and control groups were of >0.75 (Figures 2K–P).



Pathway Analysis

KEGG and HMDB (Table 2) were used to analyze 64 PTC-related metabolites, and the results were submitted to MetaboAnalyst to display the statistical analysis results of informatics analysis. The path analysis results are shown in Supplementary Table 5 and Figure 3A. The most influenced metabolic pathway was considered a pathway influence cut-off value >0.1 to filter for less important pathways. The following eight important metabolic pathways were identified: phenylalanine, tyrosine and tryptophan biosynthesis; D-glutamine and D-glutamate metabolism; beta-alanine metabolism; phenylalanine metabolism; histidine metabolism; alanine, aspartate, and glutamate metabolism; citrate cycle (TCA cycle); and arginine biosynthesis.
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FIGURE 3. (A) Results of pathway analysis of metabolomics data. Pathway analysis based on “Kyoto Encyclopedia of Genes and Genomes” (KEGG).The color and size of each circle is based on p-values (yellow: higher p-values and red: lower p-values) and pathway impact values (the larger the circle the higher the impact score) calculated from the topological analysis, respectively. Pathways were considered significantly enriched if p < 0.05, impact >0.1 and number of metabolite hits in the pathway >1. PTC, papillary thyroid carcinoma. (B) The significantly enriched pathways involved in the pathogenesis of papillary thyroid carcinoma, including Aspartate metabolism, Glutamate metabolism, Urea cycle, and TCA cycle.





DISCUSSION

With the rapid development of analysis technology, metabolomics has been applied in many fields such as cancer disease research (Tayanloo-Beik et al., 2020). At the molecular level, metabolomics uses novel biomarkers to explore the mechanism underlying disease development (Wang et al., 2011). To the best of our knowledge, this is the first study to use HPLC-Q-TOF-MS/MS to analyze metabolic pathways of a large number of serum samples from PTC patients and healthy subjects. In this study, based on PCA, PLS-DA, OPLS-DA model results (Figures 2A–J), and single-factor analysis results (Figures 1A–D), we first identified key metabolites related to PTC (Table 2). Based on these key metabolites, six metabolic markers, namely 3-hydroxy-cis-5-tetradecenoylcarnitine, aspartylphenylalanine, l-kynurenine, methylmalonic acid, phenylalanylphenylalanine, and l-glutamic acid, that could distinguish PTC patients from healthy subjects were further identified (Figures 2K–P). At the same time, we discovered eight important metabolic pathways related to PTC (Figure 3A), which were involved in PTC development; however, the detailed metabolic changes remain unknown. We also found the association among aspartate metabolism, glutamate metabolism, urea cycle, and tricarboxylic acid cycle in the PTC metabolic pathway, thereby explaining the pathogenesis of PTC (Figure 3B).

Warburg (Hsu and Sabatini, 2008) reported that a large amount of energy is being produced by glycolysis during the growth of cancer cells, which is distinct from the energy metabolism observed in normal cells, where it involves oxidative phosphorylation. This finding suggests that the different growth patterns of cancer and normal cells may be due to the different energy production pathways involved. The rates of glucose uptake, aerobic glycolysis, and metabolism are increased in cancer cells due to cell proliferation (Zhao et al., 2010). The energy in healthy cells comes from the mitochondria that oxidize sugar molecules; in contrast, tumor cells mainly rely on glycolysis for energy, which does not require the participation of oxygen atoms or mitochondria (Gioia et al., 2019). According to Abooshahab et al. (2020), sucrose levels can separate PTC from benign thyroid tumors (AUC = 0.92). Sucrose is converted into glucose and fructose through the hydrolysis process; subsequently, glucose enters the aerobic glycolysis pathway, where it is converted into two molecules of pyruvate. In this study, the level of glucose 6-phosphate in the serum of PTC patients was lower than that in the serum of healthy subjects, which may indicate that PTC tumor cells obtain energy through enhanced glycolysis, which accelerates the conversion of glucose 6-phosphate into pyruvate molecules, required for the TCA cycle. The citric acid levels in the PTC group were lower than those in the control group, indicating that thyroid cancer cells consume a significant amount of citric acid during the TCA cycle. The present findings are consistent with the Warburg effect.

Glycerol phospholipids are the most abundant type of phospholipid in eukaryotic cell membranes. Together, phosphatidylcholine (PC) and phosphatidylethanolamine(PE) account for ~50% of the phospholipid components of cell membranes. In addition, glycerophospholipids are involved in protein recognition and signal transduction of cell membranes (Kuhajda, 2000). In malignant tumor tissues, as the rate of synthesis of glycerophospholipids is greater than that of their decomposition, choline substances are expressed at high levels (Treede et al., 2007). As a result of the destruction of membrane structures associated with the development of a malignant tumor, choline levels tend to increase (Wu et al., 2016). According to Wojakowska et al. (2017), PC and glycerophosphocholine are expressed at high levels in PTC tissues, and choline, the end product of metabolism, can generate new PC again. This process demonstrates that PTC also decomposes phospholipids while synthesizing phospholipids, with the goal of meeting the needs of cancer cell proliferation. In the present study, serum levels of 3-hydroxy-cis-5-tetradecenoylcarnitine in the PTC group were lower than in the control group. In addition, the associated AUC value was >0.865, indicating that 3-this metabolite may help distinguish PTC patients from healthy controls. Moreover, 3-hydroxy-cis-5-tetradecenoylcarnitine belongs to the carnitine group; carnitine and its short-chain derivatives are necessary for fatty acids to enter the mitochondria for oxidation. Cheng et al. (2018) has shown that 3-hydroxy-cis-5-tetradecenoylcarnitine can be used as an important biomarker for the diagnosis of bladder cancer (AUC and sensitivity values of 0.899 and 0.881, respectively). Nevertheless, the diagnostic validity of 3-hydroxy-cis-5-tetradecenoylcarnitine in PTC requires further studies to confirm. Arachidonylglycerol (2-AG) is an important endogenous cannabinoid, associated with abnormal metabolism in pancreatic ductal adenocarcinoma (Qiu et al., 2019), prostate cancer (Endsley et al., 2008), and HCC (Yang et al., 2019). Serum levels of 2-AG in the PTC group were lower than those in the control group. This finding might be accounted for by the fact that PTC tends to be characterized by a lower degree of malignancy than does HCC. Moreover, 2-AG has strong anti-proliferative and pro-apoptotic properties in PTC patients. A large amount of 2-AG is consumed in anti-proliferation and pro-apoptosis processes, resulting in the rate of 2-AG degradation higher than that of its synthesis. Further studies are required to verify these observations.

Cancer cells maintain cell growth and proliferation through different metabolic pathways. New cancer cells require a large number of biomolecular components, including proteins, nucleic acids, lipids, and important cofactors to maintain the redox state of cells. Amino acids are used by tumors as a source of nutrition during development; they can also be used as the main carbon source by new cancer cells (Kuhajda, 2000; Voeller et al., 2004). In the present study, the OPLS-DA model was used to screen amino acid-related differential metabolites, showing that the levels of tyrosine, tryptophan, arginine, alanine, glutamic acid, and histidine were lower in the PTC group than in the control group. Alanine is a glycogen amino acid that can be converted into an intermediate substrate in the tricarboxylic acid cycle, and then into glucose in the process of gluconeogenesis. Therefore, alanine can also be considered as an energy source for the rapid proliferation of PTC cells (Tian et al., 2015; Ryoo et al., 2016). In this study, serum levels of beta-alanine in the PTC group were lower than those in the control group. This finding might be accounted for by the fact that PTC cells use beta-alanine metabolism to convert large amounts of beta-alanine into raw materials for energy metabolism. Concurrently, this study examined amino acid metabolism in the context of energy metabolism. Aspartate and glutamate metabolism, and urea and TCA cycles emerged as important pathways in the development of PTC (Figure 3B). The metabolism of glutamate and aspartic acid is the most important participatory pathway in malignant thyroid tumors, linking the urea cycle with the TCA cycle. The urea cycle converts excess ammonia and aspartic acid into urea. Reduce the toxicity of its high ammonia content (Yekta et al., 2018). According to Nagamani and Erez (2016), in many malignant tumor tissues, the ASS1 enzyme is silenced in the urea cycle, which leads to the preferential synthesis of pyrimidine by aspartic acid to support cell proliferation, reducing the utilization of aspartic acid in pyrimidine synthesis, which limits the proliferation of cancer cells. Meanwhile, the silencing of the ASS1 enzyme in cancer cells supports their proliferation by activating carbamyl phosphate synthase-2, aspartate transcarbamylase, and the dihydrotransaminase complex, which promote pyrimidine synthesis (Rabinovich et al., 2015). This evidence suggests that silencing of the ASS1 enzyme is associated with poor prognosis in patients with malignant tumors. Ammonia plays an important role in the proliferation of PTC cells (Figure 3B). Glutamine provides ammonia and triggers autophagy in PTC cells. PTC cells generate glutamate through glutaminase and glutamate dehydrogenase, whereby glutamate further produces α-ketoglutarate, which provides sufficient energy for the survival of tumor cells. Glutamic acid and aspartic acid also undergo anaplerotic reactions, through which amino acids are oxidized and decomposed to generate intermediate metabolites of the TCA cycle, thereby supplying energy to tumor cells (Owen et al., 2002; Jones and Bianchi, 2015). A large number of studies has shown that in the proliferation of cancer cells, the metabolites of citric acid are transported out of the mitochondria, and used in lipid biosynthesis in the cytoplasm as a precursor of acetyl coenzyme-A to compensate for the continuous consumption of citric acid. Meanwhile, glutamine is the main anaplerotic precursor in cancer cells, compensating for the lack of citric acid, which is involved in energy generation (DeBerardinis et al., 2007). This study found that citric acid was significantly downregulated in PTC, as were glutamine and asparagine, reflecting the weakened replenishment response of glutamine in PTC. In addition, the levels of oxalic acid were lower in the PTC group than in the control group. The consumed oxalic acid was likely converted into an oxaloyl group, and the oxalic acid group was then converted into oxaloacetate. Oxalic acid is formed by combining an oxalyl group (after removing a hydroxyl group) and an acetic acid group. The acid cycle plays a catalyst-like role and determines the speed of the TCA cell cycle (Kuang et al., 2018). Oxaloacetic acid can also be transformed into non-essential amino acids such as asparate and asparagine, which are involved in nucleotide synthesis (Yang et al., 2017), suggesting that oxalic acid may be involved in PTC development.

In the present study, metabolomic and multivariate analyses were combined to distinguish PTC patients from healthy controls, aiming to determine the metabolic characteristics of PTC and improve the understanding of PTC development and associated prognosis. Future studies should include PTC tissue and lymph fluid analysis, and combine genomic and proteomic methods to yield further insights into PTC biomarkers and candidate treatment targets. Furthermore, future studies should involve accurate metabolomics analyses with a large number of specimens from PTC patients with lymph node metastasis, aiming to clarify the role of lymph node metastasis in PTC.



CONCLUSIONS

We found that metabolomics based on HPLC-Q-TOF-MS/MS can clearly distinguish PTC patients from healthy subjects. Lower levels of 3-hydroxy-cis-5-tetradecenoylcarnitine, aspartylphenylalanine, l-kynurenine, methylmalonic acid, phenylalanylphenylalanine, and l-glutamic acid were observed in the serum of PTC patients than in the serum of healthy subjects. These six metabolic markers can theoretically be used in combination with current PTC diagnostic methods to guide the clinical diagnosis of PTC. However, we the following issues need to be considered: (1). For future clinical studies of PTC, it is necessary to further analyze the serum of PTC patients of phase III and IV to further confirm and summarize the results of this study; (2). Tissue and urine samples of PTC patients should be combined. The metabolomics research of lymphatic fluid can be used as a plan for future metabolomics research. This multicenter research aims to improve the accuracy of prediction.
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To explain the increased transport of nutrients and metabolites and to control the movement of drug molecules through the transporters to the cancer cells, it is important to understand the exact mechanism of their structure and activity, as well as their biological and physical characteristics. We propose a computational model that reproduces the functionality of membrane transporters by quantifying the flow of substrates through the cell membrane. The model identifies the force induced by conformational changes of the transporter due to hydrolysis of ATP, in ABC transporters, or by an electrochemical gradient of ions, in secondary transporters. The transport rate is computed by averaging the velocity generated by the force along the paths followed by the substrates. The results obtained are in accordance with the experiments. The model provides an overall framework for analyzing the membrane transport proteins that regulate the flows of ions, nutrients and other molecules across the cell membranes, and their activities.
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1. INTRODUCTION

Cancer cells synthesize increased amount of fatty acids and protein building blocks to successfully divide and metastasize. To support their metabolism cancer cells require increased supply of metabolic substrates and nutrients. Plasma membrane transporters secure import of a wide range of substrates into the cytoplasm. Consistently, increased expression of several transporting proteins has been correlated to the increased metabolic activity of cancer cells and poor disease prognosis (Natecz, 2020; Sampedro-Núñez et al., 2020; Xu et al., 2020; Yamada et al., 2020).

There are two types of transporters, ATP biding cassette (ABC) and secondary active transporters. Secondary active transporters carry substrates across the plasma membrane using electrochemical gradient of ions. They bind the substrate on one side of the membrane followed by a conformational change allowing to release the substrate on the other side of the membrane (Boudker and Verdon, 2010). Several of these transporters have been shown to play an important role in cancer cells by increasing uptake of such substrates as glucose, glutamine, lactate, etc., and supporting cancer cell metabolism (Payen et al., 2017; Reckzeh et al., 2019; Scalise et al., 2020).

ABC transporters belong to a large family of transporters carrying several different substrates across the plasma membrane. To translocate substrates ABC transporters use the energy from ATP hydrolysis. They play an important role in keeping cellular homeostasis by regulating the level of several molecules including peptides, lipids, amino acids, or drugs (El-Awady et al., 2017; Neumann et al., 2017). Importantly, ABC transporters have also been shown to contribute to anti-cancer drug resistance presenting a major problem in finding an efficient anti-cancer therapy (Robey et al., 2018; Bock et al., 2019; Asif et al., 2020). These transporters carry out anti-cancer drugs efflux from cancer cells significantly decreasing the efficiency of anti-cancer therapies.

To be able to successfully overcome the problem of the increased transport of nutrients and metabolites and control drugs influx/efflux through transporters in cancer cells it is important to understand the exact mechanism of their structure and activity as well as their biological and physical features. This has been the objective of this article.

We have proposed a model that describes the trans-membrane transport and calculates the flow of substrates through the membrane. The model assumes that changes in transporter conformations induce forces that contribute to the translocation of substrates. Since entropy is a measure of conformations, the forces are referred to as entropic forces. These forces thus encode the information of the change in the available space of the substrates due to conformation changes (Zwanzig, 1992; Reguera and Rubí, 2001; Vazquez et al., 2008; Carusela and Rubi, 2017, 2018; Rubi, 2019). The computed translocation rates scale with the ratio between the time it takes for conformations to change and the time in which substrates diffuse through the transporter. This scaling behavior makes our model a general tool in the study of membrane transport.



2. THE MODEL

We model a transporter as a small funnel-shaped motor whose structure changes over time by alternately opening and closing to the intra/extracellular medium, as represented in Figure 1. This form has been observed for example in P-glycoprotein whose structure is narrow at the cytoplasmic side, of about 9–25 Å in the middle, and wider at the extracellular surface (Loo and Clarke, 2001). The conical form has also been observed in pumps (Rubi et al., 2017) by means of crystallization experiments (Olesen et al., 2007).


[image: Figure 1]
FIGURE 1. Conformational changes of a transporter modeled by an oscillating conical-shaped channel which closes/opens to the intra/extra cellular medium. [image: image] stands for the cross-sectional area at the narrowest part whereas [image: image] denotes that area at positions inside the transporter and time. Figures at the bottom represent the initial and final states and an intermediate state of the cone oscillations in the model.


This periodic movement makes it possible for substrates, such as aminoacids, ions, neurotransmitters, nutrients and different drugs, to overcome the potential barriers generated by interactions allowing them to pass to the other side of the plasma membrane.

Alternating gating increases transport efficiency with respect to that of diffusion. Transport of substrates through the membrane is the result of changes in its conformation. Primary active transporters couple substrate movements to a source of chemical energy, such as ATP hydrolysis. Secondary active transporters are driven by electrochemical gradients of ions. Transporters differ from ion channels in that their turnover rate is much slower than that of channels which is typically of the order of 106s−1. The rate of ABC transporters such as LeuT, MsbA, and of MFS secondary transporters frequently falls within the range (10−1 − 103)s−1 (Ashcroft et al., 2009; Liu et al., 2018; Fitzgerald et al., 2019).


2.1. Force Induced by Transporter Conformation Changes

Our model considers that the changes in the conformation of both types of transporters that allow the passage of the substrates entail a variation in the space they have to move. This fact affects the entropy of the substrates as this quantity measures the degree of disorder of a system which in our case is less in the narrow area of the transporter, where the substrates have fewer positions to occupy, and more in the wider area where the space available is greater. This difference of entropies between the narrow and the wide part of the transporter gives rise to a gradient of free energy and consequently to a force on the substrates that we will call entropic force [image: image] (see Figure 2).


[image: Figure 2]
FIGURE 2. Forces acting on the substrates. Changes in the shape of the transporter induce an entropic force Fent, larger than the force Fμ generated by a difference of the concentrations c1 and c2, which helps to expel the substrates when the transporter is opened, and prevents the passage of them when it is closed. Substrates are also affected by the random motion of the molecules of the solvent whose average kinetic energy is proportional to kBT. The associated force has been denoted by Fr in Equation (1). The radius of the transporter h(x, t) = (hmax − hmin)(x/L − 1/2) sin ωt + (hmax + hmin)/2 varies with position and time reaching maximum and minimum values, hmax and hmin, respectively. x = 0 is located at one extreme of the transporter.


The force arising from the uneven shape of the transporter must therefore be proportional to ΔA = A2 − A1, with A1 and A2 the cross-sectional areas at the entrance and at the exit of the transporter (see Figure 2) which depend on time. Studies on ion translocation in Ca2+-ATPase and in Na+/K+-ATPase have revealed that structural changes in a protein channel and their induced entropic forces contribute significantly to the transport of the ions (Rubi et al., 2017).

Changes in the concentration, or equivalently, in the chemical potential of the substrates on both sides of the plasma membrane generate a mass flow from high to low concentrations. The force associated with this effect, proportional to Δc = c2 − c1, with c1 and c2 the concentrations at the entrance and at the exit of the transporter (see Figure 2), is lower than the entropic force and is directed in the opposite direction, so the net effect is a flow of substrates against the gradient, an active transport due to the catalyst effect of the transporter.

Substrates are also affected by the thermal motion of the solvent which exert a random force [image: image] on them. The thermal energy is kBT and the thermal random force is given by [image: image], with η(t) a Gaussian random quantity of mean zero and correlation < η(t)η(t′)>=δ(t−t′), T the temperature, kB the Boltzmann constant and [image: image] the friction coefficient which is the inverse of the diffusion coefficient [image: image] in kBT units (Gardiner, 2004).

The previous forces acting on the substrates capture the essential factors involved in the translocation process. In the model, we assume that the resulting velocity v is given through the Langevin equation (Gardiner, 2004)

[image: image]

It has been shown that entropic forces are given by [image: image] (de Groot et al., 1963; Zwanzig, 1992; Reguera and Rubí, 2001; Kalinay and Percus, 2006; Vazquez et al., 2008; Rubi, 2019) and [image: image]. In Equation (1), these forces act on the substrates at their time-dependent positions. The entropic force depends on the local radius h(x,t) of the channel (Reguera and Rubí, 2001) and has the direction of the cross-sectional area gradient, i.e., it contributes to expel the substrates, whereas the diffusive force has the opposite sign of the concentration gradient. A similar Langevin equation was proposed to model particle translocation through microfluidic channels promoted by an oscillating external potential (Tan et al., 2017).

To study how changes in conformation of the transporter affect the velocity of the substrate, we must model its geometry. A simple yet representative form is that of a conical shaped region of length L that oscillates periodically in time with a frequency ω (Carusela and Rubi, 2017, 2018), opening and closing to the intra/extra cellular environment, as sketched in Figure 2. The radius h(x, t) of the channel changes from a maximum value hmax to a minimum value hmin evolving in time as

[image: image]

The value x = 0 is located at one extreme of the transporter.



2.2. Computation Protocol

Measurements of translocation rates are performed over a time interval long enough to comprise many time periods [image: image] of the conformational change cycle of transporters of the same kind. To obtain a representative value of the velocity [image: image] of the substrates, we must thus average the instantaneous velocity v(t), given in Equation (1), in time and over an ensemble of identical transporters. The average velocity is thus obtained as

[image: image]

where < ... > means average over an ensemble of realizations or initial states of the system.

To calculate < v(t) >, we integrate Equation (1) using a stochastic Velocity-Verlet algorithm (Gränbech-Jensen and Farago, 2013). The computation method runs as follows. We consider a particle at the entrance of the channel, on the extracellular environment, and set its initial velocity according to a Boltzmann distribution, at T = 300K. We then calculate its local velocity according to Equation (1). Once the particle reaches the exit of the transporter into the intracellular medium, we calculate the time average [image: image], assuming that when the particle leaves the channel it cannot re-enter. This protocol is repeated for a large set of initial particle conditions at the transporter entrance. The average (< .. >) of the obtained results gives us the value of [image: image]. In the model, we have considered that the force due to the concentration gradient in Equation (1) is practically constant along the transporter which means that [image: image]. The ratio [image: image] and therefore fμ typically takes values in the range (10−1 − 1) (Sperelakis, 2000; Tashiro et al., 2005; Chu et al., 2013). The value of the entropic forces falls in the interval (1 − 101), therefore [image: image] which means that changes in conformation is the main mechanism that regulates transport.




3. RESULTS

Following the protocol described in the previous section, we compute the transport rate [image: image] which is plotted in Figure 3 vs. [image: image]. This quantity represents the ratio between the time in which the conformation of the transporter changes and the time that substrates take to diffuse through the transporter. The presence of resonant peaks at [image: image], practically independent of the values of fμ, reveals the occurrence of an amplification of the velocity of the substrates at a certain value of the oscillation frequency and therefore shows that transporters work under optimal transport conditions. The peaks become more pronounced when fμ increases or equivalently the rates are higher when the concentration of substrates increases, as observed for example in experiments for LeuT transporters (Fitzgerald et al., 2019). The existence of an optimal frequency for transport of particles in microfluidic devices subjected to an external oscillatory potential was also found in Tan et al. (2017).


[image: Figure 3]
FIGURE 3. Transport rate Γ vs. ratio between the time conformations take to change and the diffusion time: [image: image]. The quantities [image: image], fμ, L, and ω which are defined in the text, have been measured in units of [image: image], kBT/L0 (T = 300 K), L0 = 10nm and [image: image], respectively. An enhancement of the velocity is observed at [image: image] regardless of the values of fμ, thus showing that transporters work in an optimal scenario dominated by entropic forces induced by conformational changes.


Considering transporters with length of the order of L0 = 10nm and typical diffusion coefficients for membrane proteins of Eukaryotic cells, [image: image] (Kaňa, 2013), we obtain values for Γ in the range of (10−1 − 103)seg−1. Our model also provides values of the rates in ion channels. In this case, one would expect that since particles are lighter they move faster. Typical values of [image: image] for ions are in the range (103 − 104)μm2/seg, therefore Γ takes values between (105 − 106)seg−1. These model predictions are in good agreement with data found in the literature for transport rates of slow and fast protein channels in membranes (Ashcroft et al., 2009). At the maximum opening configuration of the transporter, the entropic force changes from a value of the order of fμ at the widest part, to about 20fμ at the narrowness. Our results then show that transporters work in a regime dominated by entropic forces induced by conformational changes.



4. CONCLUSIONS

Membrane proteins transporters regulate the efflux/influx of substrates across plasma membrane of cancer cells and play a paramount role in the efficiency of cancer therapies as they regulate the retention of anticancer drugs in the cells. It is believed that the effectiveness of chemotherapy may be largely dependent on the activity of transporters. Knowing which is the intimate mechanism that makes possible the passage of substrates through the cell membrane is therefore a matter of vital importance.

In this article, we have proposed a computational model that analyses the activity of transporters. The model shows that changes in the transport configuration produced by the energy of ATP hydrolysis (ABC transporters) or by a electrochemical gradient of ions (secondary transporters) give rise to a force that makes the substrates able to overcome the potential barrier generated by the constrictions in order to pass to the other side of the membrane. Such a force results from the variation of the space that the substrates have to move within the transporter when its configuration changes, which generates an entropy gradient.

Transport rates are computed by following a simulation protocol in which we first obtain the time average of the velocity of the substrates which is subsequently averaged over a set of initial conditions of the position of a substrate. Our model reproduces experimental values of the rates for different ABC and secondary transporters and shows that they depend on substrate concentration, in accordance with data reported in recent experiments (Fitzgerald et al., 2019). It can also be used to compute translocation rates in ion channels showing that they are greater than for transporters, as observed in the experiments (Ashcroft et al., 2009). We have shown that the entropic force is greater than that produced by a mere concentration gradient and is directed in the opposite direction which shows that transport is active.

How readily substrates cross the membrane depends on the frequency of oscillation ω, which regulates the entropic force and therefore the changes in the conformation of the transporter, on the size of the substrates which is involved in [image: image] and on the size of the transporter L. The rates found scale with the combination of these quantities: [image: image] which represents the ratio between the time in which conformations change and the time it takes for the substrates to diffuse. Our results could therefore be applied in general to membrane transport, to transport in microfluidic devices and peristaltic channels and to capture cellular heterogeneity beyond cancer cells (Pu et al., 2016; Łapińska et al., 2019; Rhia et al., 2020). Monitoring the entropic force by means of drugs could help to regulate transport activity leading to the design of better transport modulators that can be used in anti-cancer therapies.
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Interpreting connections between the multiple networks of cell metabolism is indispensable for understanding how cells maintain homeostasis or transform into the decontrolled proliferation phenotype of cancer. Situated at a critical metabolic intersection, citrate, derived via glycolysis, serves as either a combustible fuel for aerobic mitochondrial bioenergetics or as a continuously replenished cytosolic carbon source for lipid biosynthesis, an essentially anaerobic process. Therein lies the paradox: under what conditions do cells control the metabolic route by which they process citrate? The Warburg effect exposes essentially the same dilemma—why do cancer cells, despite an abundance of oxygen needed for energy-generating mitochondrial respiration with citrate as fuel, avoid catabolizing mitochondrial citrate and instead rely upon accelerated glycolysis to support their energy requirements? This review details the genesis and consequences of the metabolic paradigm of a “truncated” Krebs/TCA cycle. Abundant data are presented for substrate utilization and membrane cholesterol enrichment in tumors that are consistent with criteria of the Warburg effect. From healthy cellular homeostasis to the uncontrolled proliferation of tumors, metabolic alterations center upon the loss of regulation of the cholesterol biosynthetic pathway. Deregulated tumor cholesterogenesis at the HMGR locus, generating enhanced carbon flux through the cholesterol synthesis pathway, is an absolute prerequisite for DNA synthesis and cell division. Therefore, expedited citrate efflux from cholesterol-enriched tumor mitochondria via the CTP/SLC25A1 citrate transporter is fundamental for sustaining the constant demand for cytosolic citrate that fuels the elevated flow of carbons from acetyl-CoA through the deregulated pathway of cholesterol biosynthesis.
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INTRODUCTION

Since the 1970’s, sophisticated biochemical research tools and techniques have yielded a cornucopia of new detail on the molecular mechanisms of mitochondrial cellular bioenergetics, the individual pathway steps of intermediary metabolism, and the metabolic regulation of cell proliferation. The amassment of enzymological data on metabolic pathways, detailing complex enzymatic controls, spotlighted one of the fundamental and persistent metabolic controversies in the field of cell growth and proliferation—particularly the most clinically intractable obstacle: cancer.

Thus, over 50 years ago the debate re-emerged over which metabolic profile initiates or dictates the cancer cell phenotype, known for nearly 100 years worldwide as the Warburg vs. the Crabtree effect (Warburg, 1925; Crabtree, 1929).

Warburg’s original hypothesis, based on his careful tissue slice respiration measurements with the manometer apparatus he invented, posits that cancer cells, unlike normal tissue, derive the bulk of their ATP by means of glycolysis, a less efficient ATP-generating pathway, despite an abundance of systemic oxygen and the presumptive capacity for high yields of ATP via mitochondrial aerobic oxidative phosphorylation. Warburg’s aerobic glycolysis concept for tumors proposed that the aberrant metabolic profile in tumor cells was based on malfunctioning mitochondria. Crabtree, offered a different interpretation of Warburg’s theory of tumor metabolism. Based on similarly careful tissue slice respiration measurements in a variety of tumors, he proposed that in order to supply their ATP requirements, the high rate of metabolic flux through glycolysis actually depresses the tumor’s capacity for normal mitochondrial oxidative respiration via feed-back regulatory processes. Crabtree wrote, “The tentative conclusion is that glycolytic activity exerts a significant checking effect on the capacity for respiration of tumour tissue.”

It is remarkable that the Warburg-vs.-Crabtree-effect debate remains an open issue today. But, in Warburg’s era it wasn’t possible to detail any mitochondrial characteristics on a molecular level that might reveal their malfunction in cancer. And even with today’s more sophisticated techniques, if differences on the molecular structure-function level between normal and tumor mitochondria were indisputably documented, how could we determine whether such differences were a cause or consequence of the cancer phenotype? (Koppenol et al., 2011; Senyilmaz and Teleman, 2015; Potter et al., 2016).

The resurgent and ongoing interest in the Warburg effect makes clear that it is not an artifact of experimental conditions or selection of unique tissue subjects chosen for study (Cassim et al., 2020; Pascale et al., 2020). Originally, Warburg emphasized aerobic glycolysis and malfunctioning mitochondria as a causal or initiating factor of cancer (Warburg, 1956), and although this belief remains current (Seyfried, 2015), consensus of opinion today considers the Warburg effect to arise as a result of primary genetic mutations (Carter et al., 2009; Vogelstein et al., 2013; Lu et al., 2015).

Yet, in our view, despite the almost logarithmic increase in research publications on the Warburg effect and cancer over the last two decades (see Figure 1 in Otto, 2016), one fundamental characteristic of the tumor’s altered overall metabolic carbon flow pattern, involving cytosolic citrate, has not been addressed. While the cytoplasm’s access to and acquisition of citrate is clearly recognized as a central metabolite required by the tumor’s reorganized energy metabolomics and fatty acid synthesis, the mandatory role of citrate as precursor fuel for operation of the well-documented deregulated and enhanced carbon flux through the cholesterogenesis pathway in tumors has not been adequately recognized. This review hopes to emphasize a paramount link between mitochondrial bioenergetics in tumors and the select role(s) played by an increased membrane cholesterol content, which together help perpetuate the unrestrained cell proliferation phenotype of cancer.



PURPOSE OF THIS REVIEW

Tumorigenesis is a relatively long-term and steady pathological process, phenotypically characterized by uncontrolled cell proliferation. Within recent decades, advanced understanding of the molecular details on the “unrestrained” growth of cancers has revealed a chameleon-like propensity for their metabolic malleability. Such profound metabolic complexity arises as a function of the timeline of differentiation from normal to neoplastic, the cell type, tissue, and even location within the particular tissue (Faubert et al., 2020). With regard to classic Warburg effect descriptors, as has been noted (Abdel-Haleem et al., 2017), transient rapid cell division, such as T-cell activation and angiogenesis, is still “regulated,” yet shares verifiable aerobic glycolysis features with “deregulated” tumor cell proliferation, and thus both display legitimate Warburg effect profiles. No indisputably convincing argument has yet to identify, on a molecular level, first elements that become “deregulated” in the case of tumorigenesis, but remain “regulated” in transient cell proliferation.

The purpose of this review is to reiterate our specifically focused perspective that:


(1) the Warburg effect’s proposal of an aberrant respiratory pattern in tumors can be tightly linked with the long-held, well-documented, deregulated, and enhanced cholesterol synthesis (Siperstein and Fagan, 1964; Chen et al., 1978; Heiniger, 1981; Coleman et al., 1997);

(2) the tumor cell’s membranes become enriched with cholesterol as a result of the well-evidenced enhanced rate of cholesterol biosynthesis in tumors;

(3) cholesterol enrichment of tumor mitochondrial membranes promotes and necessitates the continuous cytoplasmic supply of the precursor substrate (acetyl-CoA) for cholesterogenesis via the preferential export of citrate from mitochondria;

(4) implies, as others have, that communication or cross-talk between the plasma membrane Na+-dependent citrate transporter (PMCT, encoded by SLC13A5) and the mitochondrial inner membrane citrate transport protein (CTP, encoded by SLC25A1) might be critical to the proposed metabolic sequelae that largely define cell proliferation as the major phenotypic hallmark of cancer.




Mitochondrial Metabolism Is Anomalous in Tumors

More than 30 years ago, inspired by an increasing abundance of exciting research implicating the pivotal role assumed by altered enzyme regulation of the cholesterol synthesis pathway in tumor cell proliferation, many laboratories (including ours) began to focus on the affect such a change in cholesterol biosynthesis would have on mitochondria as the cell’s main energy-generating machinery. As entry into the thrust of this review, the mitochondrial metabolomics involved in cholesterogenesis must be highlighted.


The Ins-and-Outs of Mitochondria: The Citrate Transporter (CTP/SLC25A1) Stands Out From the Crowd

The role of mitochondria is clearly of interest for two reasons. First, the stoichiometry of cholesterol biosynthesis requires 36 ATP per molecule, wherein mitochondrial oxidative phosphorylation would be the presumed major and most efficient ATP provider. Second, cytosolic acetyl-CoA is the initial precursor substrate of cholesterol (18 acetyl-CoA/cholesterol), whose multi-step synthesis is almost entirely localized on the endoplasmic reticulum (ER). In normal, oxygen-respiring cells amply supplied with glucose, the mitochondrion is a major cellular locus for glycolysis-derived acetyl-CoA, principally as a result of carbohydrate breakdown.

Canonically, the source of the cytosolic acetyl-CoA required by all lipid synthesis is the key cellular metabolite, citrate. Recognition of the centrality of citrate as a cytoplasmic source of carbons in tumors and other proliferating cells cannot be overstated (Icard et al., 2012; Iacobazzi and Infantino, 2014). Citrate, ultimately formed from the catabolism of glucose to acetyl-CoA and its subsequent combination with oxaloacetate via the first step of the Krebs/TCA cycle, may be transported out to the cytosol via the well-studied mitochondrial citrate transport protein (CTP, the product of the SLC25A1 gene) in a 1:1 exchange for the electroneutral import of another TCA intermediate, malate (Hanse et al., 2017). Malate, formed from the cytosolic cleavage of citrate, will shuttle back into the mitochondria via the CTP, in exchange for another exiting citrate, and once again become a TCA cycle participant. This metabolic routing of citrate, from mitochondria to cytosol, is the classic pathway utilized to generate, via ATP-citrate lyase enzymatic activity, the acetyl-CoA required for lipid anabolism. It must be noted, however, that environmentally stressful circumstances (e.g., hypoxia) provide a platform for the tumor to demonstrate its creative metabolic flexibility. Since, as mentioned, tumors develop in diverse and heterogeneous environments in vivo, the citrate that ultimately feeds lipid synthesis may arise from glutamine/glutamate as the non-glycolytic (non-pyruvate) carbon source (DeBerardinis et al., 2007; Wise et al., 2011; Mullen et al., 2014; Yang et al., 2014). Thus, the reductive carboxylation of α-ketoglutarate (a “reversal” in direction of the more traditional Krebs/TCA cycle carbon flux) by mitochondrial isoforms of NADP+/NADPH-requiring isocitrate dehydrogenase has also been shown to generate mitochondrial citrate, which then can become available to the cytosol. Human hepatomas, whose mitochondria are cholesterol enriched, have been shown to exhibit such an altered metabolite flow, through participation of the selective over-expression of the α-ketoglutarate transport protein (SLC25A11) (Baulies et al., 2018). Ultimately, it is recognized that by whatever metabolic manipulations the tumor’s creativity elicits, supplying the cytosolic pool with citrate occupies the metabolic center of gravity for lipid biosynthesis (Figure 1).
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FIGURE 1. The cellular metabolic origin and fate of citrate. GLUT1, facilitated mammalian glucose transporter (SLC2A1); PMCT, plasma membrane citrate transporter (SLC13A5); MPC, mitochondrial pyruvate carrier (SLC54A2); CTP, citrate transport protein (SLC25A1); MGC, mitochondrial glutamate carrier (SLC25A22); VDAC, mitochondrial outer membrane voltage-dependent anion-selective channel.


But, wait! The operation of the conventional Krebs/TCA cycle (i.e., in normal, non-proliferating-cell mitochondria) is usually appreciated first, without considering the interplay of the numerous metabolite and ion transport proteins embedded in the mitochondrial inner membrane that allow communication with the cytosol (LaNoue and Schoolwerth, 1979; Palmieri, 2013). Participation of these membrane metabolite transport proteins simultaneous with the operation of the Krebs/TCA cycle, when comparing normal vs. pathological metabolism, complicates the metabolic reprogramming considerably!

For example, are we to believe that all (more than 50 in humans; Palmieri and Monné, 2016) inner mitochondrial membrane metabolite transporters operate independent of any sort of regulatory influence, oblivious to moment-to-moment cellular demands, such as the dividing cell’s temporal position within the cell cycle? What metabolic environmental condition(s) in the cell could serve as signals that would control regulation of metabolite flux between mitochondrial matrix and cytosol?



Loss of Feed-Back Control of Cholesterogenesis in Tumors: Evidence and Some Consequences

By 1964 (Bloch, 1965) there was already reasonable suspicion that regulation of cholesterogenesis in animals centered on modulating the activity of the ER-bound enzyme 3-OH-3-CH3-glutaryl-CoA-reductase (HMGR). Subsequent research leaves little doubt that inhibition of HMGR activity, and the resulting lack of cholesterol synthesis, suppresses cell division. Especially provocative are two findings (Chen et al., 1975; Brown and Goldstein, 1980; Heiniger, 1981; Doyle and Kandutsch, 1988).

First, the flow of anabolic carbons in the cholesterogenesis pathway, specifically the genesis of mevalonate, the product of the HMGR reaction, serves an indispensable role in initiating DNA synthesis and cell proliferation. In fact, the addition of mevalonate to circumvent a blocked HMGR activity re-establishes cell growth (Sinensky and Logel, 1985). Second, and even more relevant: the loss of feedback inhibition of HMGR, and a resulting increase in HMGR activity, is a fundamental metabolic defect of virtually all cancers (Siperstein and Fagan, 1964; Goldstein and Brown, 1990). The overwhelming conclusion of the collective data from diverse laboratories, beginning in the 1980’s, reveals that cholesterogenesis in tumor cells not only lacks feedback regulation, but, depending on the rate of cell proliferation, can occur at very high, continuous rates. At first glance these findings would evince little surprise. After all, proliferating cells require newly replicated “everything”—the whole panoply of membrane lipids, including the membrane insertion of lipid bilayer fluidity-reducing cholesterol, the unique membrane-stabilizing sterol component in mammals (Demel and De Kruyff, 1976; Marquardt et al., 2016).

A penetrating question emerges. What global, as well as intracellularly specific, consequences can such abnormally high rates of cholesterogenesis reveal in proliferating tumors? Tumor cholesterol overproduction implies that the various cellular membrane categories (plasma, ER, etc.) might become differentially cholesterol-enriched, in some cases incorporating enlarged lipid-raft domains. Such enrichment might alter the phase-transition properties of membrane lipids, thereby modifying the functional characteristics of integrated membrane-associated proteins (Siperstein, 1984; Liu et al., 2017). Would differential cholesterol enrichment of tumor membranes have meaningful consequences for the tumor’s metabolomics and growth?

Siperstein’s (1984) comprehensive review coincided with our own laboratory’s ongoing investigations that sought correlations between the standard, respiration-linked oxidative phosphorylation patterns of normal liver, and those exhibited by the various cholesterol-enriched Morris hepatoma model systems. Specifically, we confirmed that the cholesterol content of isolated mitochondria generally parallels the growth rate of these hepatomas; faster growing tumors (e.g., Morris hepatoma 3924A) display substantially higher mitochondrial cholesterol than the mitochondria of slower growing tumors (e.g., Morris hepatoma 16), and both hepatomas possess higher membrane cholesterol than normal (or host rat) liver mitochondria. Indeed, the cholesterol enrichment of tumor mitochondrial membranes was then, and continues to remain, familiar to investigators (van Hoeven and Emmelot, 1972; Feo et al., 1975; Chan and Barbour, 1983; Epand, 2006).



The Road to Mitochondrial Membrane Cholesterol Enrichment

Metabolically speaking, the mitochondrial double membrane architecture gives rise to a division of labor. The matrix-facing inner membrane is responsible for a variety of mitochondrial functions including the entire O2-requiring, Krebs/TCA cycle-linked bioenergetics enterprise, pregnenolone synthesis, and the operation of the more than 50 substrate transport protein complexes in at least 25 subfamilies embedded in the lipid bilayer, such as the CTP/SLC25A1 transport protein (Palmieri, 2013; Palmieri and Monné, 2016). The outer mitochondrial membrane, the lipid bilayer barrier that separates the cytosol from the space between both mitochondrial membranes, contains the voltage-dependent anion channel (VDAC) as its most abundant protein (Colombini, 2004). Along with VDAC, other associated outer membrane protein moieties participate in regulating molecular traffic between cytosol and matrix (Campbell and Chan, 2008). VDAC is considered the fundamental control channel that regulates transport of ADP/ATP and other ions and metabolites through the outer membrane barrier into the inter-membrane space (Hiller et al., 2010; Shoshan-Barmatz et al., 2015). Within this inter-membrane space substrates are positioned proximal to the multiple transporters of the inner membrane which then transmit them to the enzymatic machinery of the matrix. VDAC’s high-resolution structure has been established (Camara et al., 2017), and most compellingly, has been shown to bind cholesterol (Hulce et al., 2013).

Depending on the tissue in normal, non-proliferating cells, the cholesterol content of the inner mitochondrial membrane is poor compared with its outer, cytosol-facing membrane. Indeed, relative to other cell membranes, cholesterol is a minor lipid component of both mitochondrial membranes (Horvath and Daum, 2013). Nevertheless, there is general accord that cholesterol’s presence in mitochondrial membranes influences mitochondrial metabolic function (Rostovtseva and Bezrukov, 2008; Martin et al., 2016). Despite the relatively modest cholesterol content of mitochondria compared with the plasma membrane, HeLa cell mitochondria have been shown to possess cholesterol/sphingolipid-rich (lipid raft) microdomains (Mollinedo et al., 2011). The well-established cholesterol enrichment of tumor mitochondria (Kaplan et al., 1982; Crain et al., 1983; Parlo and Coleman, 1984, 1986; Coleman et al., 1997) and its potential effect on the topology of lipid rafts and the fluidity of laterally surrounding phospholipids, might logically alter interactions between membrane-integral proteins, thereby yielding tumor-specific carbon flux patterns (Marquardt et al., 2016; Liu et al., 2017).

However, the intracellular route by which cholesterol reaches the CTP membrane environment may impact cholesterol’s influence on the operation of the CTP. Cholesterol must be conveyed from its source of origin, then delivered from those intracellular membrane loci external to mitochondria, across the mitochondrial inter-membrane space, to the inner membrane (Liu et al., 2006; Flis and Daum, 2013). The vehicle primarily responsible for delivering cholesterol to the inner mitochondrial membrane is the steroidogenic acute regulatory protein (StAR/STARTD1), although its precise mechanism of cholesterol delivery to the inner membrane is not fully established (Martin et al., 2016; Elustondo et al., 2017). StAR/STARTD1-mediated cholesterol transport to the inner membrane is the rate-controlling step for all steroid hormone biosynthesis, and its over-expression has been proposed to correlate with enhanced delivery of cholesterol in breast cancer (Manna et al., 2019). Nevertheless, any potential effect on the activity of the CTP due to enhanced cholesterol delivery to the inner mitochondrial membrane by StAR/STARTD1 remains conjectural. Clinical evidence, however, indicates that mutations in the CTP gene can promote serious neuronal disfunction (Chaouch et al., 2014), so it is plausible that transmittal of excess cholesterol to the inner membrane by over-expressed StAR/STARTD1, and a resulting cholesterol-rich, laterally distorted lipid bilayer, could effect a significantly altered CTP activity (Demel and De Kruyff, 1976; Mollinedo et al., 2011; Marquardt et al., 2016).

In order to confront this possibility we reasoned that one of the most appropriate measurable functions to correlate with the extent of such mitochondrial cholesterol enrichment would concern the penultimate source of substrate for the tumor’s deregulated cholesterogenesis: the citrate that shuttles between the mitochondrial matrix and the cytosol on the CTP (Gnoni et al., 2009). Indeed, contemporary data (Catalina-Rodriguez et al., 2012) indicate mitochondrial CTP levels are increased in several cancers, while oncogenic p53 mutants stimulate CTP expression and promote tumor cell proliferation (Kolukula et al., 2014).



Cholesterol-Enriched, Isolated Hepatoma Mitochondria Preferentially Export Citrate

As a reminder, the CTP in normal liver mitochondria catalyzes the electroneutral exchange across the mitochondrial inner membrane of citrate for either another tricarboxylate, a dicarboxylate (e.g., malate or succinate), or phosphoenolpyruvate (Palmieiri et al., 1972; LaNoue and Schoolwerth, 1979). Using the specific CTP inhibitor, 1,2,3-benzenetricarboxylate (BTC), Kaplan et al. (1982) completed the first comprehensive study on the kinetic characteristics of CTP exchange transport in tumor vs. normal mitochondria, demonstrating that a highly probable positive correlation exists between cholesterol enrichment of tumor mitochondria and an increased Vmax for citrate transport displayed by the CTP.

Corroborating evidence came from our laboratory’s continuing experiments with the wider, more globally accessible metabolic respiratory profiles of normal liver, slow- and rapidly growing Morris hepatoma mitochondria. We documented the more than 4-fold faster pyruvate-supplied citrate efflux from the fast-growing, highly (>5-fold) cholesterol-enriched hepatoma 3924A mitochondria relative to their normal liver counterparts. Both intra-mitochondrial and external-milieu citrate levels were assayed periodically on aliquots of actively respiring mitochondria from the rapid (hepatoma 3924A) and slow (hepatoma 16) growing tumors vs. their control livers over an extended incubation time-course (Figures 2A,B). Strikingly, the accelerated, abbreviated carbon flux into and out of the tumor mitochondria (pyruvatecyto— > pyruvatemito— > acetyl-CoAmito— > citratemito—> [CTP]— > citratecyto) was accompanied by a negligibly small ADP-initiated O2 uptake (Figure 3A). These findings implied that the cholesterol-rich tumor mitochondria selectively ejected the Krebs/TCA cycle-generated citrate to the external milieu, rather than employing it to fuel respiration-linked oxidative phosphorylation. Slow-growing (“minimally deviated”) Morris hepatoma 16 mitochondria elicited a similar, abbreviated citrate carbon efflux, albeit much reduced in proportion to their lower-level cholesterol enrichment (∼2-fold) compared with normal liver mitochondria (Parlo and Coleman, 1984).
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FIGURE 2. Tumor vs. normal liver extra- and intra-mitochondrial citrate levels: time-course incubations fed pyruvate + malate. Mitochondria from each tissue source were incubated with 0.5 mM pyruvate/0.1 mM malate/15 mM ADP. At indicated time intervals, incubation aliquots were rapidly centrifuged through a silicone oil layer into perchloric acid. Extramitochondrial citrate was determined on the samples above, and intramitochondrial citrate was determined on samples below the silicone oil barrier. (A) Hepatoma 3924A, • extramito; ○ intramito. Normal ACI rat liver, □ extramito; ▼ intramito. (B) Hepatoma 16, • extramito; ○ intramito. Normal Buffalo rat liver, □ extramito, ▼ intramito (see: Parlo and Coleman, 1984, for details on methods).
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FIGURE 3. (A) State 3 rates: O2 consumption tumor vs. normal mitochondria. Duplicate incubations (30°C) contained 5 mM respiratory substrates plus 250 μM ADP addition aliquots. ADP/O ratios for all NAD+-linked substrates averaged 2.63; for succinate, 1.77. ADP/O ratios were unmeasurable with mitochondria from Morris hepatoma 3924A when fueled by pyruvate or citrate since ADP-initiated O2 uptake was negligible. Data error bars are means ± SD. (B) State 3 rates: O2 consumption pre-/post-aconitate hydratase, tumor vs. normal mitochondria, ± BTC. Incubations were performed as described for (A). 150 μM BTC additions to each incubation were made 30 s after substrate and 30 s prior to additions of 250 μM ADP. Data error bars are means ± SD.


Yet, this conspicuously aberrant tumor mitochondrial respiratory pattern that centered on the re-routing of citrate from the TCA cycle to the cytoplasm, was not detected when these cholesterol-rich mitochondria were fueled with substrates joining the TCA cycle beyond citrate (i.e., post the aconitate hydratase step). That is, although virtually no ADP-stimulated O2 uptake occurred when supplied with either pyruvate or citrate, the cholesterol-rich tumor mitochondria respired almost indistinguishably as well as normal when fueled with substrates beyond citrate in the TCA cycle sequence: viz., isocitrate, α-ketoglutarate, succinate, and even with glutamate (Figure 3A; Parlo and Coleman, 1984; Kaplan et al., 1986).

Validation of this deviant mitochondrial respiratory carbon flux was further confirmed by blocking the hepatoma CTP with the selective inhibitor BTC, which remarkably (but expectedly) reversed the nearly absent respiration of pyruvate-fed O2 uptake (Figure 3B). These results appeared to us as striking and far-reaching. Forcing citrate to remain in the TCA cycle by blocking its export to the cytosol allowed for the re-establishment of near-normal oxidative phosphorylation with cholesterol-enriched organelles from both fast and slow-growing tumors. The significance, here, establishes among other things, that the hepatoma mitochondria possess perfectly functional aconitate hydratase activity, and apart from their membranes being abnormally cholesterol-enriched, these tumor mitochondria proved eminently capable of performing the oxidative phosphorylation acrobatics of their normal counterparts, if matrix-generated citrate were prevented from exiting.

In this regard it is worth considering that early studies with isolated mitochondria from a variety of tumors (Aisenberg, 1961) displayed lower respiratory rates specifically fueled with pyruvate or citrate compared with corresponding normal mitochondria. Yet, because all tumor mitochondria tested since then have been shown to possess at least some capacity to respire with a number of alternative substrates (succinate, glutamate, even fatty acid derivatives like β-hydroxybutyrate—see for ex., Table 5, Aisenberg, 1961), the respiratory ability of tumor mitochondria in general was taken to be fundamentally normal, or at least functionally unexceptional, and allusion to Warburg’s hypothesis unnecessary of discussion in this context.



Technical Controversies Regarding the Exogenous Enrichment of Normal Mitochondria With Cholesterol

Experimental approaches to the same or similar questions can often vary from one laboratory to another, especially as new technologies are applied. Explicitly presented methods, carefully followed and reproduced by different laboratories, become the “gold standard” by which the global veracity of experimental results are confirmed and established. However, deviation from one laboratory’s carefully specified methods, regardless of how seemingly inconsequential, will often yield results by the second that differ from the first. Thus, contradictory conclusions about fundamental mechanisms based upon data derived by different methods, and/or relying on a single tumor system, can be misleading, at best!

Mindful of these considerations, the striking results seen on accelerated mitochondrial CTP-facilitated citrate transport in both slow- and rapidly growing rat hepatomas relative to normal liver organelles, encouraged consideration that there was a direct, positive correlation between the extent of mitochondrial cholesterol enrichment and citrate export, as described above. Would normal liver mitochondria, if purposefully enriched with cholesterol, mimic the behavior of tumor mitochondria with respect to their handling of citrate?

A variety of diverse methods have been employed over many years to alter the membrane cholesterol content of viable cells in experimental animals (Colell et al., 2003; Solsona-Vilarrasa et al., 2019) including relatively long-term dietary modification (Feo et al., 1975). Our laboratory had experimented with an early version of what we termed a solid-phase transfer method, described in detail, to covalently label the plasma membrane of viable human lymphocytes in suspension (Coleman et al., 1978a), employing Sephadex G-10 beads. After extensive further tests, we applied modifications of this solid-phase method that were able to successfully increase cholesterol levels in isolated normal mitochondria (see: Parlo and Coleman, 1984; Supplementary Material, for detailed methods; Coleman et al., 1978b; Coleman and Lavietes, 1981). This method reproducibly permitted the incremental titration of different amounts of cholesterol into the organelles. Yet, critically, such modified mitochondria were shown to retain full respiratory functional integrity.

The results obtained after exogenous cholesterol enrichment of normal mitochondria, titrated to three increasing levels of cholesterol relative to control, mimicked remarkably both the re-routing pattern of CTP-promoted citrate export, and, in like manner, altered respiratory-linked oxidative phosphorylation observed with naturally occurring cholesterol-rich hepatoma mitochondria (for details see: Parlo and Coleman, 1984). Correspondingly, the cholesterol-loaded normal liver mitochondria revealed a 2-fold increase in the rate of pyruvate-fed citrate efflux, and a lower intramitochondrial steady-state citrate level compared with control mitochondria, again corroborating the preferential export of citrate observed with the tumor mitochondria (Figure 4).
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FIGURE 4. Aberrant pyruvate- and citrate-fueled O2 consumption by normal mitochondria exogenously enriched with cholesterol. Incubations were performed as described for Figures 3A,B. See text. For cholesterol-loading methodology with normal ACI liver mitochondria (see Parlo and Coleman, 1984). Data error bars are means ± SD. ACI (sham) indicates normal mitochondria treated by the cholesterol loading procedure, but without cholesterol. Normal mitochondria were enriched with three incremental cholesterol levels. The cholesterol content of each enrichment is shown as (μg total cholesterol/mg protein) in parentheses. Inverse correlation between the decrease in pyruvate- and citrate-fueled respiration as the cholesterol enrichment of normal mitochondria is exogenously increased is clear, dramatic and mirrors the respiratory pattern of tumor 3924A mitochondria. Note that respiration fueled by post-aconitate hydratase Krebs/TCA cycle substrates appears to be unaffected by the mitochondrial cholesterol content.


Studies from one other laboratory, limited to isolated AS-30D hepatoma mitochondria, yielded contrary results based either on flawed application of, or incompletely defined, experimental methodology and inadequate data interpretation (Dietzen and Davis, 1993, 1994). To date, these unique and contradictory reports have never been validated by other laboratories. There are overwhelming data from numerous laboratories acquired over many years that speak specifically to the functional effects of altered mitochondrial membrane cholesterol (Schneider et al., 1982; Weiser et al., 2014). A wealth of research clearly and repeatedly demonstrates that cholesterol levels in mitochondrial membranes contribute to that organelle’s increasingly divergent metabolic function, by not only distorting cell maintenance mechanics, but also by affecting the process of cellular apoptosis (Colell et al., 2003; Tait and Green, 2012; Kennedy et al., 2014; Ribas et al., 2016).



Tracking Carbon Flux With Liver vs. Hepatoma Tissue ex vivo: What Happens to Pyruvate-Derived Citrate?

The well-established inability of tumors to demonstrate tight feedback control over cholesterogenesis suggests that the carbon flux through the multistep cholesterol biosynthesis pathway might operate continuously in tumors if amply supplied with acetyl CoA (Chen et al., 1978; Heiniger, 1981; Fairbanks et al., 1984; Mountford et al., 1984; Maltese and Sheridan, 1985; Erickson et al., 1988). Over a prolonged time-course therefore, buildup of cholesterol would be expected to be greater in tumors than in normal tissue, depending on the extent of the synthetic pathway’s impairment of the HMGR rate-limiting step (Rostovtseva and Bezrukov, 2008; Marquardt et al., 2016).

Results outlined above with isolated tumor and cholesterol-loaded normal mitochondria (Parlo and Coleman, 1986) motivated further investigation of the preferential export of mitochondrially generated citrate, but under more biologically realistic, whole cell conditions, comparable to those employed by Warburg, viz., viable tissue slices from normal liver and Morris hepatoma 3924A.

The primary objective of these comparative ex vivo incubation studies was to track the fate of [U-14C]-pyruvate carbons by following its metabolic conversion to both 14CO2 and [14C]-cholesterol. These data emerged, significantly, as two recognizably distinct carbon flux patterns. Normal and tumor systems were distinguishable by the preferential routes each tissue source used to metabolize the exogenous pyruvate; either via TCA cycle-linked oxidative decarboxylation or via anabolic cholesterogenesis (Parlo and Coleman, 1984).

Relative carbon flux ratios demonstrated clearly that after a 2-h incubation the hepatoma 3924A tissue slice system incorporated greater than 3-fold more [14C] into cholesterol than into 14CO2 compared with normal liver, and after a 4-hr incubation greater than 6-fold more [14C] incorporation appeared in cholesterol than in 14CO2, relative to normal liver. Most significantly, the specific mitochondrial CTP inhibitor, BTC, was capable of dramatically blocking [U-14C]-pyruvate-to-[14C]-cholesterol incorporation in the tumor tissue, effectively restoring a carbon flux pattern to one closely resembling the respiratory oxidative decarboxylation exhibited by normal liver tissue (Figure 5).
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FIGURE 5. [U-14C]Pyruvate incorporation into [14C]cholesterol or 14CO2 for tumor 3924A vs. normal liver tissue slice incubations, ± BTC. Normal liver and tumor tissue slices were incubated with [U-14C]pyruvate plus or minus 10 mM BTC, and assayed at each time interval shown. Data are given as ratios over time for 14C incorporated into sterol vs. CO2. In addition to the clearly enhanced rate of sterol synthesis in tumor 3924A, the trend lines over time indicate that in this rapidly growing hepatoma, whose mitochondria are highly enriched in membrane cholesterol, BTC dramatically reverses the pyruvate carbon flux from sterol incorporation to CO2 formation (see: Parlo and Coleman, 1986 for details on methods).


In later studies, described in section “Resurrecting the Truncated Krebs/TCA Cycle and the Warburg Effect.” subsection “BTC Inhibition of CTP Arrests (Reversibly) Cholesterol Synthesis and DNA Replication in Synchronized Tumor Cells,” below, the BTC uptake rate was directly measured and was confirmed to rapidly enter proliferating, cultured murine lymphoma cells during in vitro incubation.

Comprehensive evaluation of these metabolic patterns from normal and tumor sources, employing both isolated mitochondria and viable ex vivo tissue slices, supports the following general conclusions:


(1) When mitochondria of hepatomas become enriched with cholesterol by means of accelerated cholesterogenesis due to loss of feedback regulation of HMGR, they manifest an altered metabolic profile that exhibits a preferential export of citrate.

(2) Tumor mitochondria that are cholesterol enriched evince a significantly increased Vmax for the mitochondrial membrane CTP.

(3) Preferential citrate efflux from the experimental tumor mitochondria deprives the conventional Krebs/TCA cycle of this critical respiratory substrate for oxidative phosphorylation-linked ATP generation regardless of ambient oxygen levels.

(4) The specific CTP inhibitor, BTC, blocks the preferential efflux of citrate from cholesterol-rich tumor mitochondria, thereby restoring citrate-fueled respiration and re-establishing the Krebs/TCA cycle respiration-linked oxidative phosphorylation process of normal mitochondria.

(5) The ability to support respiration-linked oxidative phosphorylation fueled by alternative substrates joining the Krebs/TCA cycle beyond the formation of citrate appears unaffected by the enhanced rate of citrate export from cholesterol-rich tumor mitochondria.

(6) The ratio of mitochondrial citrate to cytosolic citrate in the cholesterol-rich tumor mitochondria may be a critical expression of cell proliferation in cancer.





Accelerated, De-Regulated Cholesterogenesis Is Reinforced by the Multifold Expression of HMGR in Tumors

Although the regulation of cholesterol biosynthesis in normal cells is effected by means of several highly complex mechanisms, including feedback inhibition of HMGR by mevalonate-fueled pathway intermediates, hydroxysterols and a diverse host of other cellular metabolites (Goldstein and Brown, 1990), one could question whether the same set of controls obtains in tumors (Erickson et al., 1988). On the basis of the cumulative results described above with normal liver vs. rapidly growing Morris hepatoma 3924A, and since HMGR is a membrane-integral protein of the ER, we questioned whether the significantly increased carbon flux from pyruvate to cholesterol in the tumor could be detected in a cell-free, post-mitochondrial supernatant system (PMS) incubation. Moreover, if detectable, would such cell-free, post-mitochondrial HMGR activity retain any capacity for regulation? Finally, we asked whether an enhanced carbon flux in the tumor PMS compared with that of normal liver depended on the expressed cellular amount of HMGR.

Our study (Azrolan and Coleman, 1989; Coleman and Sepp-Lorenzino, 1990) demonstrated the first, to our knowledge, mitochondria-free cell lysate (PMS) capable of lipid synthesis. In fact, the capacity of the PMS for cholesterol synthesis fueled by [14C]-citrate over a 4-hr time course for both normal and hepatoma 3924A was clearly established. In addition to [14C]-citrate, we also used [14C]-acetate as substrate for the PMS, bypassing the ATP-citrate lyase conversion of citrate to acetyl-CoA, the immediate carbon source for cholesterogenesis. Both substrates yielded near identical results (Figure 6A). We noted, as well, that the tumor PMS exhibited a more than 9-fold greater ATP-citrate lyase activity than the normal system (Coleman and Sepp-Lorenzino, 1990), an observation later substantiated by others (Zaidi et al., 2012; Wang et al., 2017; Figure 6B).
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FIGURE 6. (A) Cell-free (post-mitochondrial) sterol synthesis rates, tumor 3924A vs. normal liver. Post-mitochondrial system (PMS) incubations (4 h, 37°C) contained either [1,5-14C]-citrate or [1-14C]-acetate (1.5 μCi/ml, 10 mM), or 10 mM citratea or acetateb in the presence of [3H]-H2O (5 mCi/ml). Data error bars are means ± SEM. A correction factor of 1.5 was required for calculation of C2 incorporation into sterol from [1,5-14C]-citrate or [1-14C]-acetate because only 12 of the 18 C2 units supplied are incorporated/mol cholesterol. With the [3H]-H2O incubations, a correction factor of 0.536 was used, equivalent to the (3H/C) incorporation ratio into cholesterol (14-to-15 [3H]/27 cholesterol carbons) (see: Azrolan and Coleman, 1989, for details on methods). (B) Cell-free (post-mitochondrial) ATP-citrate lyase activity, tumor 3924A vs. normal liver. Data from two complementary procedures on PMS incubation aliquots (4 h, 37°C) are shown (1). Direct ATP-citrate lyase activity (measured as oxaloacetate, OAA formed), and (2) anion exchange-resolved malate generated (plus and minus added malate dehydrogenase, MDH, 2 units/ml, to assure reaction completion). Data error bars are means ± SEM (see: Azrolan and Coleman, 1989, for details on methods).


Data reduction on a per-cell basis indicated that the tumor PMS had the capacity to synthesize cholesterol from either citrate or acetate more than 9-fold faster than did normal PMS. When normal liver PMS was supplied with [14C]-mevalonate rather than [14C]-acetate, the rate of cholesterol synthesis increased by 6-fold, confirming that the PMS from normal tissue retains the rate-limiting site for cholesterogenesis (i.e., HMGR) between acetate and mevalonate. Alternatively, the tumor PMS showed no difference in the 9-fold accelerated rate of cholesterol synthesis when fueled by either acetate or mevalonate, indicating that with the tumor system, regardless of whether the initial cholesterol synthesis substrate was supplied before (acetate) or after (mevalonate) the HMGR rate-limiting step, carbon flux was unchanged.

These results support the carbon flux patterns obtained with both isolated mitochondria, as well as from tissue slice incubations, with normal vs. hepatoma preparations described in subsections “The Road to Mitochondrial Membrane Cholesterol Enrichment,” “Cholesterol-Enriched, Isolated Hepatoma Mitochondria Preferentially Export Citrate,” and “Tracking Carbon Flux With Liver vs. Hepatoma Tissue ex vivo: What Happens to Pyruvate-Derived Citrate?” above. Moreover, comparisons of steady-state concentrations of some early cholesterogenesis intermediates (e.g., acetate, acetoacetate, hydroxymethylglutarate, and mevalonate) dramatically mirrored the differences in carbon flux between normal and hepatoma 3924A PMS systems. Normal liver PMS displayed high steady-state levels of HMG-CoA and relatively low amounts of mevalonate. The tumor PMS, in contrast, revealed the reverse pattern (for details, see Azrolan and Coleman, 1989; Coleman and Sepp-Lorenzino, 1990).

HMGR immunopreciptation analyses on isolated microsomal fractions from the PMS of equivalent cell numbers of normal ACI rat liver and Morris hepatoma 3924A demonstrated an approximately 10-fold greater amount of HMGR protein in the microsomal fraction derived from the hepatoma vs. normal liver (Azrolan and Coleman, 1989).

Thus, for the first time, this result strongly suggested that the dramatically enhanced carbon flux from pre-mevalonate intermediates through the rate-controlling step of cholesterogenesis, may be mostly due to the considerably greater accumulation of HMGR in the hepatoma 3924A tumor cell. Of course, this could imply, minimally, that in the time-line of transformation from normal liver hepatocyte to hepatoma, a mutation affiliated with the regulation of either HMGR gene over-expression, or the enzyme’s degradation, had occurred. With respect to cancer, overexpression of HMGR by activation of the gene for the sterol regulatory element binding protein (SREBP) is not fully understood (Brown and Goldstein, 1980; Porstmann et al., 2005; Goldstein et al., 2006), but a close interrelationship between SREBP and cancer’s clinical hallmarks has been described (Bao et al., 2016). As well, ubiquitination and proteasome degradation has received serious attention as a mechanism of feedback regulation of the enzyme (Johnson and DeBose-Boyd, 2018).



Resurrecting the Truncated Krebs/TCA Cycle: Correlation With the Warburg Effect


Mitochondrial Carbon-Flux Traffic Detours in Tumors

Evidence, based on the long-established and repeatedly affirmed observation that tumor mitochondria possess higher membrane cholesterol levels, indicates that as a consequence of such altered membrane lipid composition, the functional behavior of tumor mitochondria can indeed be considered aberrant, as implied by Warburg. Moreover, the fundamental cause of tumor mitochondrial enrichment with cholesterol may be the concomitant loss of regulation of cholesterogenesis at the pathways’s HMGR locus, together with the multifold increase in HMGR per cell, at least as observed with experimental hepatomas. The carbon flux “pull” toward cholesterogenesis may constitute a basis for correlating the re-programmed Krebs/TCA cycle pattern observed in tumors. Our laboratory’s sequential studies on experimental animal hepatomas demonstrated, repeatedly, that a primary and critical metabolic response of cholesterol-enriched mitochondria—whether of tumor origin or artificially achieved via exogenous loading—is the dramatic preferential export of pyruvate-supplied, intramitochondrially generated citrate to the cytosol, where it serves to supply acetyl-CoA, the essential precursor substrate for cholesterol and lipid anabolism. Finally, and most significantly, the effect of depriving citrate from participating in the Krebs/TCA cycle can be definitively circumvented, or at least drastically diminished, by substituting alternative Krebs/TCA cycle intermediates (e.g., glutamate) to fuel respiration-linked oxidative phosphorylation. Such re-routing of citrate occurs independent of the presence of O2. Collectively, these observations constitute a strong basis for the proposed continuously operating, “truncated” or abbreviated Krebs/TCA cycle, whereby faster-growing tumors export the bulk of the citrate from the mitochondria to the cytosol, thereby reinforcing Warburg’s impaired mitochondrial respiratory profile. Moreover, as would be inferred as a consequence of the Warburg effect, enhanced glycolysis, in concert with deregulated cholesterogenesis, might realize both an overproduction of cholesterol and provide for ATP production, with the export of citrate featured as a key element of the tumorigenic process (Figure 7).
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FIGURE 7. Proposed substrate carbon flow through the truncated Krebs/TCA cycle of tumor mitochondria. Cholesterol-rich tumor mitochondria preferentially export pyruvate-generated citrate as the primary source of cytosolic acetyl-CoA to support the tumor’s enhanced cholesterogenesis, rather than utilize it as substrate for oxidative phosphorylation. Nevertheless, cholesterol-rich tumor mitochondria efficiently engage mitochondrial respiration when fueled, for example, with glutamate together with the malate re-entering in exchange for exiting citrate on the CTP (see text for further details).


A striking manifestation of respiratory substrate re-routing that evolves from the proposed truncated Krebs/TCA cycle by preferential citrate export from tumor mitochondria, is the well-established elevation in mitochondrial glutaminolysis activity in cancer, and the correlative utilization of resulting glutamate as Krebs/TCA cycle participant upon its conversion to α-ketoglutarate by glutamate dehydrogenase or, as shown in Figure 7, aspartate aminotransferase (Reitzer et al., 1979; Frigerio et al., 2008; Erickson and Cerione, 2010; Wise et al., 2011; Matés et al., 2019). And, as Figure 7 illustrates, glutamine is known to serve multiple key roles in cellular metabolomics, both in normal and pathologic tissues (Hensley et al., 2013; Cluntun et al., 2017). Such remodeling of the tumor’s respiratory substrate utilization effectively supplements the tumor’s enhanced glycolitic profile, rather than being supplanted by it (DeBerardinis and Chandel, 2016). It underscores the operational malleability of tumor bioenergetics (i.e., oxidative phosphorylation) concomitant with the anabolic diversion of citrate toward the latter’s incorporation into the tumor’s deregulated cholesterogenesis de novo as depicted in Figure 7, and documented in this Review (section “Mitochondrial Metabolism Is Anomalous in Tumors,” subsection “Tracking Carbon Flux With Liver vs. Hepatoma Tissue ex vivo: What Happens to Pyruvate-Derived Citrate?”).

SF188 glioblastoma cultures, exhibiting a pronounced Warburg effect, were examined in an elegant and comprehensive study by DeBerardinis et al. (2007). 13C-NMR was employed with 13C-labeled glucose, thus allowing for real-time, simultaneous analysis of multiple metabolic pathway carbon flux patterns in these cells. Their data dramatically revealed several important features of carbon flux in these gliomas. They found the major route of carbon entry into the Krebs/TCA cycle for 13C-glucose-derived pyruvate-to-acetyl-CoA conversion is through mitochondrial pyruvate dehydrogenase. Further, they confirmed the anapleurotic utilization of glutamate in the Krebs/TCA cycle, and, most importantly, they substantiated that 60% of the 13C-glucose tracer was incorporated into newly synthesized lipids, necessitating the efficient mitochondrial export of 13C-citrate followed by cytosolic conversion to 13C-acetyl-CoA. This study also confirmed, as had our own hepatoma work (Parlo and Coleman, 1986), that despite the tumor’s distinct Warburg effect profile, the Krebs/TCA cycle performs unimpaired, although by way of an amended carbon flux.

With the preferential export of tumor mitochondrial citrate via the CTP resulting in a diminished availability of citrate to directly support TCA cycle-linked respiration, and the elevated conversion to cytosolic acetyl-CoA as precursor for deregulated cholesterogenesis, one begins to discern the outlines of a more general, over-arching metabolic pattern for tumor growth and proliferation.

To support the main tenet of the Warburg effect and the unrestrained cell proliferation of tumors—i.e., an increased dependence on aerobic glycolysis with diminished reliance on O2-linked oxidative phosphorylation—we postulate an advantageous and, we emphasize, continually maintained carbon flux pattern; one that expands and supplements the metabolic focus of analysis beyond the prevalent mitochondria-centered considerations. Such a highlighted tumor-specific, more broadly viewed metabolic segment, would consist of the following sequence of events:


1. Cytosolic pyruvate enters mitochondria long enough to generate citrate, which no longer will become engaged in the TCA cycle;

2. but, upon accelerated exit to the cytosol, instead becomes the critical substrate pool precursor for de-regulated cholesterogenesis;

3. whose diverse mevalonate-derived isoprenyl intermediates serve as imperative triggers for DNA synthesis.





Glycolytic Response to Accelerated Cholesterogenesis in Tumors

Continuous, accelerated carbon flux from extramitochondrial pyruvate to cholesterol requires a coordinated and compensatory higher glycolytic activity. This reorganized carbon flow necessitates an escalated uptake of glucose into tumors, leading, ultimately, to an abnormal cholesterol enrichment of tumor cell membranes. The tumor’s increased dependence on higher glycolytic carbon flux, corresponding with the Warburg effect requirements, takes advantage of many levels of metabolic signaling that shift emphasis toward anabolic profiles in the cytosol in order to prepare cells for impending proliferation. Here, the effect of enhanced mitochodrially exported cytosolic citrate is not to help regulate glycolysis by allosteric control of phosphofructokinase, as proposed in normal cells, but to serve as a constantly refreshed source of cytosolic precursor substrate for cholesterogenesis in tumors.

The classic regulation of glucose uptake and ensuing glycolysis has been reviewed in detail elsewhere (Cox and Nelson, 2005; Voet and Voet, 2011). However, select aspects of the exceedingly complicated and varied regulatory signals controlling glucose metabolism are abbreviated here to support peripheral evidence for the remodeling of glucose-fed tumor cell carbon flux. Generally speaking, considerable evidence indicates glycolysis enzymes are upregulated in tumors (Cairns et al., 2011).

Foremost among controlling elements is the dominant role in directing tumor cell glucose utilization via protein phosphorylations supervised by the phosphoinositide 3-kinase (PI3K)/serine-threonine-specific protein kinase (Akt) —PI3K/Akt cascade—along with another serine-threonine kinase called “mammalian-target-of-rapamycin” (mTor) (Vander Heiden et al., 2010; Hanahan and Weinberg, 2011; Fruman and Rommel, 2014). This family of signaling proteins has been shown to be constitutively amplified in tumors (Elstrom et al., 2004; Fruman and Rommel, 2014).

Upon activation of receptor tyrosine kinases on the plasma membrane cell surface, the PI3K/Akt pathway signals several glycolysis-linked components that stimulate glycolysis carbon flux. PI3K/Akt activity: (1) causes increased expression, and thus activity, of the cell’s plasma membrane-embedded glucose transporter GLUT1, yielding increased glucose uptake; (2) promotes hexokinase (HK-II) mitochondrial-outer-membrane VDAC association, facilitating creation of glucose-6-phosphate; and (3) indirectly stimulates phosphofructokinase (PFK-I) activity to generate increased fructose 1,6,-fructose-bis-phosphate, the rate-limiting reaction of glycolysis. All of these effects act synergistically to stimulate enhanced glycolysis in tumors independent of the presence of O2, consonant with the Warburg effect.

Insofar as regulation of glycolytic carbon flux, particularly with respect to tumors, cytosolic citrate is a commonly prescribed allosteric inhibitor of phosphofructokinase activity (Sola et al., 1994; Usenik and Legiša, 2010). But in the case of the tumor’s deregulated and dramatically accelerated cholesterogenesis, where the steady-state pool of citrate is kept from accumulating as it continuously supplies the acetyl-CoA for lipid anabolism, it is doubtful if citrate plays a significant role in this regard.

When the glycolytic rate becomes excessive and less responsive to multi-levels of control, as in rapidly proliferating tumors, numerous metabolic ramifications become apparent which alter the cell’s homeostasis. Thus, we can contemplate the fate of the end product of the pathway, pyruvate, positioned at a crossroad of further metabolism. While in the cytosol, pyruvate may be either reduced to lactate by lactate dehydrogenase (LDH), or become transported into mitochondria on the inner membrane pyruvate carrier (MPC) (Bender and Martinou, 2016; Rauckhorst and Taylor, 2016), where it will become engaged in TCA cycle mechanics. Not surprisingly, LDH over-expression also has been reported in tumors (Cui et al., 2014; Mishra and Banerjee, 2019). If the rate of glycolytic flux in tumors outpaces or overburdens the capacity of mitochondrial uptake of pyruvate, lactate production will predominate, allowing partial restoration of the cytosolic pool of NAD+ that was required during operation of glycolysis.

On the other hand, cytosolic lactate accumulation can obtain when the tumor’s environment compels its metabolic machinery to respond flexibly by means of divergent pathways. An example is the processing of malate either by the cytosolic NADP+-requiring malic enzyme, which oxidatively decarboxylates malate to regenerate pyruvate, and concomitantly provides NADPH used in lipid biosynthesis, or by the NAD+-requiring mitochondrial malic enzyme variant that participates in the alternative fueling of the truncated Krebs/TCA cycle by glutaminolysis (Vacanti et al., 2014; Yang et al., 2014).

Yet, tumor mitochondrial pyruvate dehydrogenase (PDH) is not only active, but can provide for substantial glucose carbon flux into lipogenic acetyl-CoA (Holleran et al., 1997). Such results indicate that despite a seeming “competition” between cytosolic LDH and mitochondrial MPC for disposal of glycolysis-derived pyruvate carbons, a considerable flow of pyruvate carbons into the TCA-cycle to generate citrate via acetyl-CoA can and does occur. And, as was noted previously via the extensive 13C-NMR analysis in glioblastoma cells (DeBerardinis et al., 2007; Yang et al., 2014), the carbon flux of 13C-glucose-derived pyruvate-to-acetyl-CoA conversion not only confirmed unhindered participation of pyruvate dehydrogenase, but that respiratory-linked oxidation of the citrate generated by the TCA cycle in these tumors was limited by its efflux from mitochondria in order to support lipid synthesis. Such 13C-flux routing of metabolism that demonstrated diminished mitochondrial citrate-fueled oxidation as a consequence of preferential lipid biosynthesis, both supports and confirms the data obtained with both cholesterol-enriched hepatoma mitochondria as well as with normal mitochondria exogenously enriched with cholesterol (Parlo and Coleman, 1984), described above (section “Mitochondrial Metabolism Is Anomalous in Tumors,” subsection “Cholesterol-Enriched, Isolated Hepatoma Mitochondria Preferentially Export Citrate”). Moreover, experimentally manufactured CTP-deficient lung cancer cells were found to display dramatically re-programmed Krebs/TCA cycle metabolomics relative to their normal cell counterparts (Jiang et al., 2017), including enhanced glycolysis and lactate production, mirroring a principal Warburg effect motif.



Cell Cycle Consequences of Mitochondrially Effluxed Citrate—Cell Proliferation Requires Mevalonate-Derived Prenylated Protein Signaling and Adequate Membrane Cholesterol

Carbon flux through the cholesterogenesis pathway, long known as requisite for DNA synthesis and cell proliferation (Chen et al., 1975; Quesney-Huneeus et al., 1983; Fairbanks et al., 1984; Siperstein, 1984) is also recognized to be temporally coordinated with discrete intervals of the four sequential cell cycle phases that occur between successive mitoses (G0, G1, S, and G2) (Sánchez-Martín et al., 2007). With synchronized cells in culture, carbon flux into de novo cholesterol is low during early G1, increases rapidly to peak midway into G1, and declines at the G1/S interface. Abundant research data indicate that specific inhibition of cholesterogenesis at the HMGR locus prevents cells from progressing through the G1/S boundary into DNA synthesis and cell division, a blockage that was repeatedly shown to be circumvented by addition of mevalonate, but not by the exogenous supplementation of cholesterol to the cultures (reviewed in Coleman et al., 1997). A more recent study, however, presented a unique case of contrasting results. Singh et al. (2013), observed that blocking HMGR activity in F111 fibroblast cultures with either a statin drug (which the authors termed a “proximal” pathway inhibitor), or by inhibiting the last-step conversion of desmosterol to cholesterol with triparanol (considered a “distal” pathway inhibitor) arrested the cell cycle in G1, prior to S phase (DNA synthesis), stopping cell cycle progression and mitosis. However, supplying serum cholesterol to these cells appeared to be the only means of reversing the cell cycle blockage effected by either “proximal” or “distal” cholesterogenic inhibitors. Such disparate experimental outcomes highlight our insufficient molecular understanding about the consequences to cell proliferation by post-mevalonate intermediates, despite some of the more salient discoveries, briefly summarized here, on mevalonate-derived polyisoprenoids produced en route to the creation of cholesterol.

Undeniably, among the more exciting research discoveries relevant to cholesterogenesis was the discovery of mevalonate-derived, prenylated proteins. The lengthening isoprenoid intermediates generated by the mevalonate-to-cholesterol pathway features a number of diversionary branches off the main cholesterogenic route. These branch points, yielding polyisoprenyl side chains, have been found to covalently modify an assortment of proteins involved in signaling cell proliferation. Among the most influential of these mevalonate-generated isoprenyl intermediates are the farnesyl- (C15) and geranylgeranly- (C20) moieties (Casey, 1992, 1995; Sebti, 2005; Wang and Casey, 2016), catalyzed by farnesyltransferase (or geranylgeranyltransferase) enzymes. These enzymes effect covalent modification of the Ras superfamily of plasma membrane-associated G-proteins, as well as various cytoskeletal Rho and nuclear lamin proteins, along with other potential cell cycle signaling species which influence the activity of the cyclin family of proteins that regulates passage through the cell cycle (Rahman and Kipreos, 2010). Considerable attention continues to be focused on elucidating potential roles of prenylated proteins as signaling elements in cell proliferation because, among other observations, specific inhibition of the farnesyl protein transferase enzyme elicits upregulation of a protein (p21Waf1/Cip1) involved in cyclin control of cell cycle progression (Sepp-Lorenzino et al., 1991; Sepp-Lorenzino and Rosen, 1998; Tamanoi et al., 2001).

Such mevalonate pathway details, although vitally important, distract scrutiny of the accelerated, continuous, citrate-supplied, carbon flux through cholesterognesis, and the resulting membrane cholesterol enrichment that helps define the Warburg effect phenotype of tumors. Meaningful to the theme of this review was a study that demonstrated the tight coupling between the rate of mevalonate availability and the rate of protein prenylation in cultured murine erythroleukemia cells (Repko and Maltese, 1989). A principal result of these experiments showed that inhibition of protein synthesis with cycloheximide almost immediately abolished [3H]-mevalonate incorporation into prenylated proteins. But inhibition of HMGR by a statin diminished [3H]-mevalonate incorporation into susceptible proteins over a slower time-course, suggesting two correlated events: (1) protein prenylation from the available pool of mevalonate occurs very rapidly upon synthesis of susceptible proteins (including, of course, the responsible prenyltransferase enzymes); (2) the rate of mevalonate manufacture—i.e., the carbon flux through cholesterogensis—determines the pool size, and thus, the availability of isoprenyl intermediates for covalent protein modification. This conclusion reminds us that in synchronized cell cultures, the inhibition of HMGR during early G1 obliterates manufacture of not only mevalonate, and therefore of cholesterol (whose synthesis peaks in mid-G1 and declines at the G1/S boundary) but prevents DNA synthesis and cell division. To restart cell growth at this synchronized stage, both mevalonate and cholesterol are required. Yet, if HMGR is inhibited after the G1-peak cholesterol synthesis occurs, DNA synthesis is restored merely by mevalonate addition (Sinensky and Logel, 1985; Langan and Volpe, 1987). This result is consonant with the findings of Repko and Maltese (1989), and implies the cholesterol-independent requirement of mevalonate-derived prenylated proteins as feasible signaling triggers for DNA replication.



BTC Inhibition of CTP Arrests (Reversibly) Cholesterol Synthesis and DNA Replication in Synchronized Tumor Cells

After cholesterol synthesis has peaked in mid-G1, the synthesis of new DNA in preparation for cell division requires a constantly re-supplied pool of mevalonate. How might the effects on DNA synthesis be explored if the supply of mevalonate substrate precursors, such as acetyl-CoA (or its cytosolic precursor, citrate), were limited? As described previously in this review, our studies with ex vivo liver and hepatoma incubations and isolated liver and hepatoma mitochondria, utilized the CTP inhibitor BTC to encourage and reinforce the proposal of a truncated Krebs/TCA cycle (Figure 7), a paradigm for the Warburg effect in cholesterol-enriched tumor mitochondrial membranes.

As detailed, BTC inhibition of the CTP, in both hepatoma and exogenously cholesterol-enriched normal liver mitochondria, re-established the participation of mitochondrial citrate as substrate for oxidative phosphorylation (Figure 5). Simultaneously, BTC blockage of CTP eliminates the continual cytosolic citrate re-supply via mitochondrial exchange export for malate, and thus would starve the cell of mevalonate carbons required for cholesterogenesis and ensuing DNA replication.

Our observations (Rao and Coleman, 1989) with both G0/G1-synchronized, as well as unsynchronized, proliferating murine lymphoma (70Z/3) cultures (≤106 cells/ml), demonstrated that BTC (between 1 and 10 mM) not only inhibited [14C]-pyruvate incorporation into cholesterol, but concomitantly inhibited [3H]-thymidine incorporation into DNA, thereby arresting cell proliferation (Figure 8). We were impressed that BTC, despite its aromaticity and sparing solubility in the pH 7 environment of cellular homeostasis, very rapidly transited the plasma membrane, dispersed within the cell, and, within 1 min, manifested its metabolic effects on carbon flux and DNA synthesis (Figure 9). Furthermore (and surprisingly), these BTC-induced metabolic inhibitions proved completely reversible upon washing the cells free of BTC, without exhibiting deleterious effects on cell viability. BTC, thus, appeared non-cytotoxic, at least with this tumor cell system.
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FIGURE 8. BTC inhibits cell growth and [3H]TdR incorporation into DNA. Exponentially growing unsynchronized or double-thymidine-block-generated G1/S synchronized 70Z/3 murine lymphoma cultures were incubated with [3H]TdR together with the BTC concentrations indicated (see Rao and Coleman, 1989, for experimental details). Synchronized cultures were found to incorporate maximal [3H]TdR about 3 h after release from the thymidine blockade. Data show means ± SEM for three experiments (12 replicate samples/experiment). △, % of total number of unsynchronized cells; •, % of [3H]TdR incorporation into unsynchronized cells; ○, % of [3H]TdR incorporation into G1/S synchronized cells (adapted with permission, Rao and Coleman, 1989).
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FIGURE 9. Uptake kinetics of [3H]TdR and [3H]BTC into cells. (A) [3H]TdR uptake kinetics were assessed in unsynchronized 70Z/3 murine lymphoma cultures (5 × 105 cells/ml) plus and minus 10 mM BTC. Cells were incubated for the times indicated with varying [3H]TdR concentrations. Mean values of two experiments performed in duplicate are shown. △, □, •, minus BTC; and ○, ▽, ◇, plus 10 mM BTC, with 1, 3, or 6 μCi [3H]TdR under both conditions, respectively. (B) [5-3H]BTC uptake kinetics were assessed in unsynchronized cultures (106 cells/ml) over the time course shown. Increasing concentrations of BTC (0.1–10 mM) together with [5-3H]BTC were employed under a constant specific activity of 1 μCi/0.1 mM. Two experiments performed in duplicate (±SD) are given. △, with 0.1 mM BTC; •, with 1 mM BTC; □ with 5 mM BTC; ▽, with 10 mM BTC (adapted with permission, Rao and Coleman, 1989).


We confirmed that citrate’s well-known metal chelating ability (Mg2+, Ca2+) is shared by BTC. Attempts to even partially overcome the BTC inhibition of DNA replication by the addition of 0.5 mM mevalonate to the culture required inclusion of the plasma membrane cation ionophore A23187 to the incubation. This permitted cytosolic Ca2+/Mg2+ to become replenished from the culture medium (∼0.5 mM), compensating, partially, for the chelating effects of BTC, and illuminating the mevalonate pathway’s well-established promotion of DNA replication (Rao and Coleman, 1989).

The BTC-implemented metabolic shift of pyruvate-supplied carbons, and its effect on DNA synthesis, proved to unconditionally require the cellular cytosolic environment (mitochondria, ER, etc.). Experiments with isolated nuclear preparations from the 70Z/3 murine lymphoma affirmed that DNA synthesis was not significantly inhibited in BTC-treated, mevalonate-supplied incubations, but could be completely restored merely by addition of 5 mM Mg2+. In these studies adequate levels of serum cholesterol were available to the cultures, signifying that the documented BTC effects on DNA synthesis were not due to cholesterol or fatty acid starvation.

Analysis of further experimental permutations with this tumor system (Rao and Coleman, 1989) gave authority to the following conclusions: (1) Inhibition of both pyruvate-fueled cholesterol and DNA syntheses are direct intracellular metabolic responses to BTC, not inhibitor uptake issues; (2) BTC inhibition proved non-toxic, allowing complete recovery of DNA replication and cell viability after removal; (3) Blocking the mitochondrial CTP at the end of G1, limiting the supply of cytosolic citrate and thus acetyl-CoA, and thereby ultimately mevalonate, arrests further progression through S-phase, abruptly halting cell proliferation.

In terms of the generally protracted time-line of tumor cell growth, therefore, accumulated data accentuate these tightly linked metabolic hallmarks of uncontrolled cell proliferation: deregulation of cholesterogenesis at the HMGR metabolic locus; mitochondrial membrane enrichment with cholesterol; preferential export of pyruvate-generated (glycolysis-generated) citrate from cholesterol-enriched mitochondria; and the requirement of a continual supply of mevalonate for ensuing DNA synthesis and cell replication. Collectively, these metabolomic profiles coincide to help endorse our proposed “truncated Krebs/TCA cycle” model (Figure 7).



Deregulated Cholesterogenesis Promotes Vesicle Exfoliation From Cholesterol-Rich Plasma Membrane Lipid Raft Domains

Nearly a decade before the introduction of the collective term “exosomes” to characterize exfoliated vesicles from normal and tumor cells (Trams et al., 1981), research demonstrated the shedding of vesicular plasma membrane fragments into the cell-free ascites fluid from various murine leukemias and lymphomas, as well as in the sera and pleural effusions of leukemia patients (Grohsman and Nowotny, 1972; Raz et al., 1978; van Blitterswijk et al., 1979). Further investigations restricted the exosome nomenclature to vesicles of endosomal derivation based on the protein components within their membranes, or by the cargo enclosed within them, compared with extracellular microvesicles (sometimes called “ectosomes”) shed from the plasma membranes of healthy, growing cells, whether of normal or pathological origin (Raposo and Stoorvogel, 2013). There remains nomenclature confusion over the biogenesis of shed membrane vesicles, which are referred to merely as extracellular vesicles (EV) (Kato et al., 2020).

Despite recent decades employing sophisticated membrane cholesterol imaging and other analytical techniques that have elucidated the roles and evolution of shed vesicles (whether exosomes or ectosomes) in intercellular trafficking, and their potential involvement in immune surveillance (Raposo and Stoorvogel, 2013; Record et al., 2014; Litvinov et al., 2018; Kato et al., 2020), cholesterol’s organization in the cholesterol-rich lipid raft microdomains of the plasma membrane remains poorly understood (Schroeder et al., 2010). Evidence shows the distribution of cholesterol between lipid bilayer leaflets in plasma membranes is not equal, with the cytosol-facing leaflet cholesterol-enriched by as much as 40 mol% of the lipids in that leaflet (Mondal et al., 2009). The greater lateral “rigidity” of this inner-facing vs. the exterior-facing bilayer leaflet has biologic (Pike, 2003) as well as physical manifestations (Vámosi et al., 2006). An early theoretical model, potentially applicable to membrane vesicle exfoliation, was based on free-energy calculations of the plasma membrane’s inner leaflet surface area expansion, due to asymmetric (enhanced) cholesterol incorporation (Luke and Kaplan, 1979). Mathematical modeling predicts an outwardly growing spherical distortion of the bilayer, developing into a dumbbell-shaped, narrow-necked structure that eventually pinches off, releasing the cholesterol-rich lipid spheroid to the exterior milieu in an attempt to re-establish the pre-enrichment bilayer lipid composition and surface area. Other models have been proposed (Khatibzadeh et al., 2013). Whether or not such modeling for microvesicle formation is applicable to the shedding of cholesterol-rich vesicles from tumors, convincing evidence exists that cholesterol-rich lipid raft domains play unambiguous, although incompletely understood, roles in the variety of modes that characterize cancer’s accelerated pathological and immunosurveillance situations (Pfrieger and Vitale, 2018; Vu et al., 2019).

Mitochondrial membrane cholesterol enrichment in the graded growth series of Morris hepatomas 16 and 3924A (Parlo and Coleman, 1984, 1986) prompted initiation of further study of possible correlations between enhanced, deregulated cholesterol synthesis and the augmentation in membrane cholesterol content of tumor plasma membranes, as well as that of exfoliated microvesicles isolated from the cell-free ascites fluid (CFAF) of a chemically induced murine hepatoma (MH-129) carried in C3H mice. The results revealed both far-reaching and corroborative data germane to the theme of this review, linking the Warburg effect, the proposed truncated Krebs/TCA cycle, and the continuing carbon flux from tumor mitochondria to newly synthesized cholesterol (Puma, 1982).

Although no longer the case (Fonsato et al., 2012), at the time these studies were undertaken (Puma, 1982) little information existed about vesicle exfoliation from hepatomas. The MH129 ascites hepatoma used in these early investigations was readily grown in culture, C3H mouse liver served as the normal (control) membrane source, and, most importantly, MH129 was known to have no viral etiology to complicate the biologic derivation of the vesicles shed into the CFAF. The latter fact was confirmed via transmission electron microscopy of the isolated membrane fraction, which revealed no evidence of ER contamination in the CFAF, and disclosed dimensional aspects of the vesicles consistent with contemporary (van Blitterswijk et al., 1979) or current (Raposo and Stoorvogel, 2013) isolated membrane microvesicle preparations. Multiple marker enzyme assays confirmed the identity of the isolated plasma and shed microvesicle membranes.

These studies (Puma, 1982) showed that the MH129 tumor cell homogenate contained nearly 30% more cholesterol compared with that of normal C3H mouse liver. Microvesicles shed from these cholesterol-enriched hepatoma cells, recovered from the CFAF, demonstrated a 77% greater cholesterol content than the plasma membranes isolated from the MH129 tumor itself, and possessed very substantial increases in the activities of the plasma membrane marker enzymes 5′-nucleotidase and Na+/K+-ATPase. Significantly, when the ascites culture was fed 54 μg mevalonate/106 cells for 3 h, the microvesicles exfoliated into the CFAF were cholesterol enriched 81% more than the shed vesicles from cultures minus added mevalonate. The data emphasize three important features that uphold the preferential carbon-flow concept of mitochondrially exported citrate that feeds deregulated, enhanced cholesterogenesis in tumors: (1) exfoliated vesicles contain higher amounts of cholesterol than the tumor plasma membranes from which they were shed; (2) supplying mevalonate to ascites tumor cultures dramatically yields an even further increase in the amount of cholesterol in the exfoliated microvesicles; and (3) the process of cholesterol-enriched microvesicle shedding in these tumors not only occurs both in vivo and in vitro, but is continuous and, in vitro, rapid (within 3 h), highlighting the tumor’s accelerated carbon flux through cholesterol synthesis anabolism.



Contemplating Coordinated Operation Between CTP/ SLC25A1 and PMCT/SLC13A5 for Citrate-Sustained Control of Glycolysis and Cholesterogenesis in Tumors

Management of the supply chain of such a critical anabolic fuel as cytosolic citrate must be flexible enough to compensate for its deficit, if biosynthetic demand for citrate’s carbons outstrips availability. Due to a cancer cell’s heterogenous stromal tissue environment in vivo [prostate cancer is a prime example—(Tolkach and Kristiansen, 2018)] and the fact that tumors derived from different tissues present varying metabolomic profiles, including highly varying glycolytic and mitochondrial respiratory rates, the cytosolic demand for biosynthetically employed citrate would be expected to vary.

The two well-known means of conveying citrate into the cytosolic pool are the mitochondrial citrate transporter CTP/SLC25A1 and the more recently established plasma membrane Na+-dependent citrate transporter PMCT/SLC13A5. Both membrane transporters are considered prime focal points for the development of cancer chemotherapeutic drug development (Catalina-Rodriguez et al., 2012; Huard et al., 2015; Mycielska et al., 2019). It is of significant interest to consider if and how both transporters might coordinate the steady-state level of cytosolic citrate, and thereby serve as cooperative means of adjusting the tumor’s carbon flux through our proposed truncated Krebs/TCA cycle, accelerated cholesterogenesis, and the resulting enhanced glycolysis that together help characterize the Warburg effect profile.

Of the more than 50 mitochondrial membrane substrate/ion transporters of the SLC25 superfamily that have been identified and characterized to date (for reviews see: Kaplan, 2001; Palmieri and Monné, 2016), Kaplan’s laboratory (Remani et al., 2008; Aluvila et al., 2010; Sun et al., 2010; Nie, 2017) has provided significantly detailed information on the structure, substrate transport mechanism and analysis of inhibition by BTC and other potential inhibitors of the citrate-malate CTP carrier, as well as on the PMCT membrane transporter. PMCT is the more recently characterized plasma membrane citrate transporter variant in humans and has garnered considerable attention since it serves as an additional (and, so far only) channel for the influx of citrate into the cytosol from the extracellular space (Mycielska et al., 2009). A potent synthetic dicarboxylate inhibitor of the PMCT has been described (Huard et al., 2015; Pajor et al., 2016), and surprisingly, gluconate, an abundant natural oxidation product of glucose, is a competitive irreversible inhibitor of the PMCT (Mycielska et al., 2019). The inhibition of both plasma membrane and mitochondrial citrate transporters in experimental hepatomas (by moieties the authors merely designated CTPi and PMCTi) was reported to dramatically inhibit lipogenesis, enhance apoptosis and induce cell cycle arrest (Poolsri et al., 2018). In studies comparing malignant (PC-3M) and benign epithelial prostate cells, as well as other tumor and normal cells, the proliferating cancers were consistently found to take up greater amounts of citrate than their normal counterparts via the PMCT (Mycielska et al., 2018). Significantly, prostate tumor cells have been shown to possess enriched levels of cholesterol (Murtola et al., 2012).

CTP/SLC25A1 and PMCT/SLC13A5 comprise the only known membrane-partitioned, compartmentally separated supply routes for adjusting homeostatic levels of cytosolic citrate in humans. Despite obvious reprogramming of metabolism that establishes the tumor’s deregulated cholesterogenesis which encourages its cell proliferation phenotype, and unlike the case with the CTP of hepatoma mitochondria documented previously in this review, we are not aware of studies that focus on correlating effects between the specific cholesterol level of tumor plasma membranes and the activity of the PMCT. Yet, sophisticated techniques are now available (Liu et al., 2017; Hu et al., 2019) that allow the positional sensing of cholesterol within micro domains of the plasma, or the exfoliated vesicle, membrane bilayer. Given a particular tumor’s transformable metabolic adaptability, the cholesterol content of lipid rafts in the lateral bilayer membrane environment of the PMCT might modulate the passage of citrate into or extrusion from the tumor cell, and thereby exert a pleiotropic influence on the manner in which citrate is employed catabolically and anabolically in cancer.



SUMMARY

This review, a reminder of the prescience of the Warburg effect and its influence on half a century of molecular-level cancer research, has been designed to reignite awareness of the dominant and continuous metabolic carbon flux in tumors whose uncontrolled growth fundamentally depends upon two linearly linked metabolic patterns: (1) the ubiquitously observed loss-of-control of HMGR activity promoting an elevated cholesterol biosynthesis rate, the operation of which is mandatory for DNA synthesis and cell division, and fueled by cytosolic citrate; (2) preferential metabolic routes, involving critical participation of the mitochondrial CTP and, potentially, the plasma membrane PMCT, through which an augmented supply of cytosolic citrate is sustained. Herein, we have enlarged the scope of tumor cell metabolomics by considering not only the mitochondrial bioenergetic carbon flux patterns in tumors and their adherence to the Warburg effect, but by emphasizing the paramount role assumed by cytoplasmic citrate, we have delineated consequences for tumor cell proliferation when accelerated cholesterogenesis prevails. Thus:


1. The molecular basis for the absence or reduced control of citrate-fueled cholesterogenesis in tumors has been traced to a combination of defective feedback control elements and/or proteolytic degradation failures at the rate-controlling HMGR step of the synthetic pathway, in concert with a constitutively elevated expression of the HMGR enzyme. Our own research documented a 10-fold increase in the HMGR protein/cell in a rapidly proliferating heptoma, and a corresponding 9-fold increase in the rate of citrate-fueled cholesterol synthesis, compared with the normal liver system. Notwithstanding the cause, continuously escalated tumor cholesterogenesis requires a commensurately elevated and continuous supply of citrate as its fundamental biosynthetic substrate.

2. Membranes of tumor cell mitochondria, as well as their plasma membranes, have been long known to possess more cholesterol than those of their normal tissue counterparts. In situ, the extent of such cholesterol enrichment appears to correlate with the proliferative rate of the particular tumor and the heterogeneity of its tissue environment.

3. Mitochondria from an increasingly graded growth series of rat hepatomas display corresponding enrichment with cholesterol, with directly correlating increased rates of citrate export, and proportionate curtailment of pyruvate- or citrate-fueled O2 consumption. Exogenous enrichment of normal liver mitochondria with titratable increased levels of cholesterol mimics this abnormal curtailment of early substrate Krebs/TCA cycle respiration in tumor mitochondria, proportional to the level of cholesterol enrichment. By blocking citrate export, the specific CTP inhibitor BTC completely reverses the decrease in pyruvate- and citrate-fueled respiration associated with aberrant membrane cholesterol enrichment. Yet, under either tumor or exogenously cholesterol-enriched-normal mitochondrial experimental conditions, fueling mitochondrial respiration-linked oxidative phosphorylation with substrates that enter the Krebs/TCA cycle beyond the aconitate hydratase step yields normal rates of O2 consumption. Thus, mitochondrial membrane cholesterol enrichment occurring during the progression from normal-homeostatic to tumorigenic-cell proliferative states directly effects increased CTP activity and drives accelerated export of mitochondrial citrate into the cytosol (Section “Mitochondrial Metabolism Is Anomalous in Tumors,” subsection “Cholesterol-Enriched, Isolated Hepatoma Mitochondria Preferentially Export Citrate”).

4. These aberrant tumor respiratory patterns with isolated hepatoma mitochondria are replicated in ex vivo hepatoma tissue slice incubations fueled with pyruvate or citrate. Furthermore, following the preferential utilization of either substrate enabled the tracking of the carbon flow either through the tumor’s deregulated cholesterogenesis pathway to cholesterol, or into the CO2 end-product of normal tissue respiration. As with the isolated mitochondrial experiments, BTC reverses the pattern by preventing export of mitochondrially generated citrate to the cytosol, thus depriving the cholesterogenesis pathway of its precursor source of cytosolic acetyl-CoA (section “Mitochondrial Metabolism Is Anomalous in Tumors,” subsection “Tracking Carbon Flux With Liver vs. Hepatoma Tissue ex vivo: What Happens to Pyruvate-Derived Citrate?”). Considered together, these results are congruent with our proposed “truncated” Krebs/TCA cycle (Figure 7) portraying an altered metabolomic carbon flux that, in concert with an enhanced glycolytic rate, and regardless of the tumor environment’s O2 level, satisfies the deduced mitochondrial dysfunction originally proposed by the Warburg effect.

5. The critical importance of supplying cytoplasmic citrate from mitochondria as prerequisite for cell cycle progression is well documented. We demonstrated that BTC, the classic CTP inhibitor, rapidly enters exponentially growing ascites lymphoma cell cultures and arrests DNA synthesis (Figures 8, 9). BTC can transit the tumor cell’s plasma membrane (apparently in both directions) with ease, and its inhibitory effect on CTP is both sensitively expressed and appears non-toxic, since the arrest of DNA synthesis and termination of cell replication is reversible upon BTC’s removal from the culture. Addition of BTC starved the cytosol of mitochondrially exported citrate and inhibited DNA replication. However, without the presence of cytosolic components, isolated cell nuclei displayed unimpeded DNA replication even in the presence of BTC.

6. Together with the continuous accelerated citrate export from the hepatoma’s cholesterol-enriched mitochondria, the loss of regulatory control at the HMGR locus of the cholesterogenesis pathway forecasts a potential accumulation of cholesterol, with consequential cholesterol enrichment of plasma membrane lipid rafts. Our exploratory studies with murine ascites hepatomas, in vivo and in vitro, revealed the rapid and continuous exfoliation of microvesicles, heavily enriched with cholesterol, from the tumor’s plasma membranes into the cell-free ascites fluid. Addition of mevalonate to the ascites culture medium dramatically increased the cholesterol content of the already-cholesterol-enriched exfoliated microvesicles. It is clearly recognized that microvesicle shedding from tumor plasma membranes commensurate with deregulated cholesterogenesis has provocative implications regarding the role of these processes in cancer immunosurveillance.

7. Finally, speculations are raised about potential regulated coordination between the CTP and PMCT in tumors.
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Background: Intravenous leiomyomatosis (IVL) is a rare estrogen-dependent neoplasm. However, identifiable and reliable biomarkers are still not available for clinical application, especially for the diagnosis and prognosis of the disease.

Methods: In the present study, 30 patients with IVL and 30 healthy controls were recruited. Serum samples were isolated from these participants for further high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) analysis to study metabolomics alterations and identify differentially expressed metabolites based on orthogonal partial least-squares discriminant analysis (OPLS-DA). Subsequently, lasso regression analysis and a generalized linear regression model were applied to screen out hub metabolites associated with the progression of IVL.

Results: First, 16 metabolites in the positive ion mode were determined from the 240 identifiable metabolites at the superclass level, with ten metabolites upregulated in the IVL group and the remaining six metabolites downregulated. Our data further proved that four metabolites [hypoxanthine, acetylcarnitine, glycerophosphocholine, and hydrocortisone (cortisol)] were closely related to the oncogenesis of IVL. Hypoxanthine and glycerophosphocholine might function as protective factors in the development of IVL (OR = 0.19 or 0.02, respectively). Nevertheless, acetylcarnitine and hydrocortisone (cortisol), especially the former, might serve as risk indicators for the disease to promote the development or recurrence of IVL (OR = 18.16 or 2.10, respectively). The predictive accuracy of these hub metabolites was further validated by the multi-class receiver operator characteristic curve analysis (ROC) with the Scikit-learn algorithms.

Conclusion: Four hub metabolites were finally determined via comprehensive bioinformatics analysis, and these substances could potentially serve as novel biomarkers in predicting the prognosis or progression of IVL.

Keywords: metabolomics, biomarkers, intravenous leiomyomatosis, progression, HPLC-MS/MS


INTRODUCTION

Intravenous leiomyomatosis (IVL) is a rare estrogen-dependent neoplastic disease (Low et al., 2012; Price et al., 2017), that was first described in 1896 (Marshall and Morris, 1959; Zhang Y. et al., 2016). In 1907, Durck documented and reported the first case of IVL involving the heart (Gui et al., 2016). It is characterized by invasive growth even though IVL appears to be benign histologically. The tumor originates from the venous wall of the uterus or the pelvic cavity outside the uterus, protrudes into the venous passage of the uterus or pelvis, invades through the iliac vein or ovarian vein, and extends to the inferior vena cava (Spanuchart et al., 2012). It can cause severe circulatory disturbance and syncope or sudden death once the tumor enters the right atrium or the right ventricle as well as the pulmonary artery through the tricuspid valve (Shi and Shkrum, 2018). If part of the tumor in the heart dislodges, this can lead to pulmonary embolism or cerebral infarction, which is life-threatening (Zhang et al., 2012; Knight et al., 2017; Kong et al., 2020). According to a single-center study of 30,757 Chinese patients who received treatment for hysteromyoma, the incidence of IVL disease among patients with uterine leiomyoma was 0.25% (Ma et al., 2016). Nevertheless, the rate of misdiagnosis and missed diagnosis of IVL before the operation is relatively high as the clinical symptoms and imaging findings are not specific. When IVL lesions are confined to the pelvic cavity without vascular invasion in the early stage, they may behave similarly to uterine leiomyoma (Yu et al., 2021). If the tumor invades into the inferior vena cava or heart in the later stage, it tends to be misdiagnosed as a primary cardiac tumor or venous thrombosis (Ribeiro et al., 2013; Kuklik et al., 2020). In clinical practice, surgical resection of the primary tumor, vena cava and right cardiac system tumor is the best choice (Deng et al., 2020). Studies have shown that the risk of postoperative recurrence of IVL is as high as 30% (Virzi et al., 2007), and the risk of postoperative recurrence in patients with large vein involvement is significantly higher than that in patients without it (Yu et al., 2016).

At present, an increasing number of studies have begun to focus on finding potential regulatory factors and biomarkers that affect the occurrence and progression of the disease, which are of great significance for the diagnosis, treatment and prognosis of IVL. Based on RNA sequencing analysis and reverse transcription-quantitative PCR, Wang W. et al. (2020) verified that IVL tended to be a solid tumor differing from uterine leiomyoma and found that CDKN2A, BCL2A1, and angiogenesis-related gene CXCL8 might be new specific biomarkers of IVL. However, these findings remained to be further confirmed by larger samples (Wang W. et al., 2020). In another study, molecular analysis of 17 cases of IVL revealed that MED12 mutations, MSI and LOH were inconsistent among patients with either uterine or extrauterine IVL. These findings suggested that IVL disease had a different molecular pathogenesis pattern from typical uterine leiomyoma (Lu et al., 2020). Other studies have detected 22q repeat deletions (66%) and complex copy number variants using array comparative genomic hybridization (Buza et al., 2014). Zhang et al. (2019) found that HOXA13 was significantly downregulated in IVL when compared with myometrial tissue via RNA sequencing. Besides, the Rb pathway was proved to be involved in the pathogenesis of IVL disease (Ordulu et al., 2020). The above studies have initiated meaningful exploration of the mechanism of the occurrence and development of IVL, which are of great importance for deepening our understanding of the disease. However, most studies only explored the potential regulatory genes that affected the pathogenesis and prognosis of IVL and did not pay attention to the changes in a series of metabolites in patients. Thus, there have been no specific biochemical indicators for the diagnosis and prognosis of IVL.

Therefore, in the present study, we analyzed the difference in serum metabolomics between IVL patients and healthy controls based on high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS). The core metabolic indicators affecting disease progression and recurrence were screened and identified, which provided a valuable theoretical basis for the development of new non-invasive methods for the diagnosis and prognostic intervention of IVL based on these biomarkers.



MATERIALS AND METHODS


Experimental Design and Sample Collection

This study adhered to the Helsinki Declaration and the guidelines of the Clinical Practice Coordination Conference and was approved by the Ethics Committee of Peking Union Medical College Hospital (Ethics: JS-2654). All participants in the study signed informed consent forms. The disease group in this study included patients with IVL who underwent surgery at Peking Union Medical College Hospital from December 2011 to May 2020 and were followed up regularly. The study population was divided into groups: 30 healthy controls as a Co group, with half of them without uterine myoma (Co-no) and the rest with uterine myoma (Co-um); 30 patients with IVL were further classified into a non-recurrence group (IVL-no) or recurrence group (IVL-re) according to postoperative recurrence. There were 15 individuals in each of the above four subgroups.

In the Co-no group, the myometrium echo of these healthy women was uniform, there were no uterine myomas or pelvic space-occupying lesions, and the abdominal pelvic vein was confirmed by ultrasound examination. The Co-um group was characterized by a hypoechoic mass found in the mesometrium by ultrasound (maximum diameter ≥2 cm), the ultrasound pattern of which showed a typical vortex-like structure, and the abdominal and pelvic veins were confirmed by ultrasound. In the IVL-re group, a space-occupying lesion (≥1 cm) was found in the pelvic or abdominal veins (inferior vena cava and iliac veins) or the residual lesion was larger than the previous size on by at least two consecutive ultrasound examinations. If there were no space-occupying lesions in the pelvic cavity or blood vessels, patients were categorized into IVL-no group.

The admission criteria of the disease group were as follows: (1) abdominal and pelvic veins (parauterine reproductive vein, iliac vein, and inferior vena cava) or right atrium-occupying lesions observed in preoperative imaging or during surgery; (2) patients who received surgical treatment at Peking Union Medical College Hospital; (3) postoperative pathological diagnosis of IVL with vascular invasion; and (4) age ≥18 years. The exclusion criteria of the disease group were as follows: (1) incomplete clinical data; (2) pregnant and lactating women; (3) people with intellectual disability or an inability to take care of themselves; (4) patients who were not willing to participate in this study; and (5) patients with other malignant tumors. At the same time, we recruited women to the healthy control group. The criteria for the healthy control group were as follows: (1) age ≥18 years old; (2) no history of other malignant tumors; (3) non-pregnant and lactating women; and (4) no previous history of hysteromyomectomy or hysterectomy-related gynecological surgery.

First, ultrasound examinations were performed on all subjects by senior doctors, results were read independently, and inconsistent results were resolved after discussion. All participants’ abdominal and pelvic blood vessels were examined on an empty stomach, and they were advised to retain their urine properly so that their uterine and double appendices could be properly evaluated. For the patients in the IVL group, the first step was to check the patency of the large abdominal vessels, including the inferior vena cava and bilateral iliac veins, followed by observing whether there was a space-occupying lesion within the pelvic cavity. In the Co group, inferior vena cava, iliac vein and gynecological ultrasonography were performed to confirm that there was no space-occupying lesion in the abdominal and pelvic blood vessels and whether there was myoma in the uterus. The location and size of the largest leiomyoma were recorded simultaneously if uterine myoma was present. After each patient finished the ultrasound examination, the venous blood was collected from the cubital vein for further metabolomics tests.



Sample Preparation and LC-MS/MS Analysis

Serum was isolated from fasting blood samples after centrifugation for 15 min at 2,000 × g. Each aliquot (150 μL) of the serum samples was maintained at −80°C until UPLC-Q-TOF/MS analysis. After thawing, the serum aliquots were mixed with 400 μL of precooled methanol/acetonitrile (1:1, v/v) to remove the protein, followed by centrifugation for 15 min at 14,000 × g. The supernatant was further dried through vacuum centrifugation and redissolved in 100 μL acetonitrile/water liquor (1:1, v/v) for LC-MS analysis, which was carried out with an UHPLC (1290 Infinity LC, Agilent Technologies) coupled to a quadrupole time-of-flight (AB SCIEX TripleTOF 6600). For HILIC separation, samples were detected using an ACQUITY UPLC BEH column (Waters, Ireland). In ESI either positive or negative modes, the mobile phase included solution A (25 mM ammonium acetate and 25 mM ammonium hydroxide in water) and solution B (acetonitrile). The gradient condition was as follows: 85% solution B for 1 min, linearly reduced to 65% in 11 min, and then reduced to 40% in 0.1 min and sustained for 4 min, followed by elevation to 85% in 0.1 min, with a 5 min reequilibration period employed. The ESI source conditions were executed as follows: ion source gas1 (Gas1) of 60, ion source gas2 (Gas2) of 60, curtain gas (CUR) of 30, source temperature of 600°C, and ion spray voltage floating (ISVF) ± 5,500 V. The product ion scan was finally obtained based on information-dependent acquisition (IDA) with the high sensitivity mode selected.

The raw MS data (wiff.scan files) were transformed into MzXML files with ProteoWizard MSConvert before being imported into XCMS software. Collection of algorithms of the metabolite profile annotation (CAMERA) was applied to annotate the isotopes and adducts. For the extracted ion features, only the variables with no less than 50% of the non-zero measurement values in at least one group were screened out. Compound identification of metabolites was carried out in comparisons of accuracy m/z value (<25 ppm), and MS/MS spectra.



Statistical Analysis

For baseline information, data were expressed as numbers (percentages) for categorical variables or medians (upper quartile and lower quartile) for continuous variables based on the normality test of data distribution. The Kruskal–Wallis non-parametric test was performed for comparisons among different specialties. For LC-MS/MS data, after normalization to the total peak intensity, the processed data were analyzed by R package (ropls), where it was subjected to orthogonal partial least-squares discriminant analysis (OPLS-DA). The cross-validation and response permutation testing were used to evaluate the robustness of the model. The variable importance in the projection (VIP) value of each variable in the OPLS-DA model was calculated to represent its contribution to the classification. Metabolites with a VIP value >1 were further subjected to Student’s t-test or Mann-Whitney U test at the univariate level to measure the significance of each metabolite, and P-values less than 0.05 were considered statistically significant.




RESULTS


Baseline Characteristics of the Subjects

This study involved 30 IVL patients and 30 healthy controls, whose median age was 49.0 and 49.5 years, respectively (P = 0.25). Additionally, the age at menarche did not differ between groups. The symptoms of the IVL patients were atypical, mainly including lower limb edema (n = 4), flustered shortness of breath (n = 8), and lumbago or back pain (n = 4). Some of the patients were asymptomatic, and only a few people complained about abdominal masses, hypermenorrhagia, a ventral belly, or even syncope. In most cases, the average diameter of the pelvic mass varied by approximately 8.3 cm. All IVL patients in this study had a history of uterine fibroids. Likewise, more than two-thirds of these patients have undergone uterine surgeries. It is worth noting that the extension route of IVL was concentrated in the left or right iliac veins and right gonadal vein. Furthermore, the extensions of involvement chiefly consisted of the right ventricle (n = 4), right atrium (n = 14), and infrarenal inferior vena cava (IVC) (n = 4), with shapes categorized as either cast or luminal. Regarding the IVL staging operation, 23 patients underwent a surgery with stage I disease, and the remaining patients underwent a surgery with stage II disease. In addition, most of these patients received complete resection except for four patients who had an intravascular residue and 1 patient who had a pelvic residue. More importantly, half of the patients experienced recurrence after surgery, with the lesions primarily presenting within the blood vessel, pelvis, or both locations. The detailed information was presented in Table 1.


TABLE 1. Baseline characteristics of the involved patients.
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Differential Metabolites Between IVL Patients and Healthy Controls

As exhibited in Figure 1A, a total of 240 kinds of metabolites at the superclass level (above level two, including undefined metabolites) were finally identified in this project and detected in the positive and negative ion modes. These metabolites were classified according to their chemical compound attributes. Our results demonstrated that most of these identifiable metabolites were lipids or lipid-like molecules (17.92%), organic acids or derivatives (16.25%) and organoheterocyclic compounds (9.167%). Besides, some organic oxygen compounds, nucleosides, nucleotides, or analogs, benzenoids, organic nitrogen compounds, and phenylpropanoids or polyketides were detected in the serum specimens as well. To analyze the differences between the IVL and healthy control groups in the positive ion mode, we used univariate statistical analysis methods, including fold change (FC) analysis and Student’s t-test or the Mann-Whitney U test. Among these metabolites, the differentially expressed metabolites (DEMs) were filtered out and displayed as the volcano plot in Figure 1B, with FC > 1.5 and P-value < 0.05. In the volcano plot, the upregulated and downregulated metabolites were marked in red or blue, respectively. Our data indicated that these DEMs were classified into lipids or lipid-like molecules, nucleosides, nucleotides or analogs, and organoheterocyclic compounds.
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FIGURE 1. Identification of differentially expressed metabolites. (A) The pie chart displayed all the metabolites identified in this project in either positive or negative ion modes, and their chemical attribution. (B) Volcano diagram revealed the changes between the IVL group and the healthy subjects. The red dots on the right side of the figure represented the upregulated metabolites, the blue dots on the left side meant the downregulated metabolite, and the black dots referred to non-significant difference. X-axis corresponded to log2 fold change and y-axis corresponded to –log10 P-value. (C) Score plot of OPLS-DA for IVL and control groups, indicating the separation degree between the two groups. (D) A permutation test conducted with 200 randomly initiated permutations in an OPLS-DA model by cross-validation. T[1] referred to principal component 1, to[1] represented principal component 2, and the ellipse was 95% confidence interval. The dots in the same color meant each biological repetition within the group, and the distribution state of the dots reflected the degree of difference between groups and within groups. (E) The bar chart displayed 16 significant metabolites between IVL patients and control group (VIP > 1, P < 0.05). The x-axis represented the fold change of differential expression of these metabolites.


In order to screen out the metabolites correlated with the oncogenesis of IVL, OPLS-DA, a supervised discriminant analysis method, was applied to distinguish the two groups of samples by establishing the discriminant model according to the metabolites. As shown in Figure 1C, the two groups were well separated from each other in positive ion mode based on the scores. So as to avoid overfitting of the supervised model in the modeling process, the permutation test was adopted to ensure the efficacy of the model. Figure 1D demonstrated that the R2 and Q2 values of the random model gradually decreased as the permutation retention lessened, which implied that the robustness of the model was acceptable and that the model established in this study had a favorable degree of fitting and predictability with R2Y = 0.95 and Q2 = 0.66 of the original model. Based on the analysis, 16 metabolites in the positive ion mode were ultimately identified when meeting the screening criteria in this experiment: VIP > 1 and P-value < 0.05, as displayed in Figure 1E. Among these metabolites, 10 of them were upregulated in the IVL group, including adenosine, decanoyl-L-carnitine, bilirubin, hydrocortisone (cortisol), and biliverdin, etc. Conversely, 1-palmitoyl-sn-glycero-3-phosphocholine, 1-oleoyl-sn-glycero-3-phosphocholine, glycerophosphocholine, phe-phe, 2-amino-1-phenylethanol, and hypoxanthine were downregulated when compared with the Co group.

Comparisons of the total ion chromatograms (TICs) of quality control (QC) samples in both the positive and negative ion modes were performed. Our results manifested that the response intensity and retention time of each chromatographic peak basically overlapped, indicating that the variation caused by the error of the instrument was negligible throughout the whole experiment (Supplementary Figures 1A,B). Additionally, the comprehensive evaluation results of the total sample by principal component analysis (PCA) were expressed in Supplementary Figures 1C,D, and signified that, in this experiment, the stability and repeatability of the investigation, and the reliability of the data quality were sufficient for further analysis.



Hierarchical Cluster Analysis and KEGG Pathway Enrichment

To fully and intuitively reveal the relationships and differences between different samples, hierarchical clustering analysis (HCA) was conducted. Metabolites clustered in the same cluster were characterized by similar expression patterns and might have similar functions or participate in the same metabolic processes or cellular pathways. The HCA results included the above 16 significant DEMs (VIP > 1, P < 0.05), as shown in Figure 2A. It was noticed that the two groups shared completely different metabolic patterns with six upregulated metabolites chiefly enriched in the Co group, including glycerophosphocholine, 1-palmitoyl-sn-glycero-3-phosphocholine, 1-oleoyl-sn-glycero-3-phosphocholine, hypoxanthine, phe-phe, and 2-amino-1-phenylethanol. In contrast, the remaining ten metabolites were abundant in the IVL group. Subsequently, in order to capture the average and overall variation of the above 16 DEMs in specific pathways, the analysis of the metabolic changes based on differential abundance (DA) score was introduced into this study. As shown in Figure 2B, these metabolites were mainly involved in the cGMP-PKG signaling pathway, neuroactive ligand-receptor interaction, GABAergic synapse, glutamatergic synapse, D-glutamine or D-glutamate metabolism, purine metabolism, and cortisol synthesis or secretion, as well as choline metabolism in cancer. All differential metabolic pathways were further classified and assigned according to their previous pathway hierarchy, and these metabolites were principally engaged in cancer, endocrine or metabolic disease, metabolism of other amino acids or nucleotides, signaling molecule interaction or transduction, and lipid metabolism, along with membrane transport.
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FIGURE 2. Characteristics of 16 identified metabolites. (A) Heatmap visualization of metabolomics data with hierarchical clustering analysis in the positive ion mode. Colors reflected the relative content of metabolites in serum. The more similar the colors were, the more similar the expression pattern. The panel on the right indicated the different metabolites. Each blockage meant a sample of either the IVL or Co groups. (B) The differential abundance (DA) score of differential metabolic pathways. Y-axis represented the name of the differential pathways, and X-axis coordinates meant the DA score. DA score was defined as the total change of all metabolites in the metabolic pathway. A score of 1 indicated an upregulated expression trend for all identified metabolites in the pathway, while –1 was exactly the opposite. The length of the line segment represented the absolute value of DA score; the size of the dot at the end of the line segment referred to the number of metabolites in the pathway; the larger the dot was, the greater the number of metabolites. The color depth of the line segment and dot was proportional to DA score.




Screening of Metabolites Based on Lasso Regression Analysis

Among the metabolites screened above, lasso regression analysis was carried out and five metabolites were determined, which were further validated based on the cross-validation, including hypoxanthine, glycerophosphocholine, hydrocortisone (cortisol), decanoyl-L-carnitine, and acetylcarnitine (Figures 3A,B). To interpret the metabolic correlation among all DEMs, correlation analysis was performed, which was meaningful for further understanding the mutual regulation of metabolites. Metabolites with expression correlations might jointly participate in the biological processes, namely, functional correlations. On the basis of this analysis, we found that hypoxanthine exhibited a positive relationship with glycerophosphocholine (Cor = 0.31), and decanoyl-L-carnitine also shared a positive correlation with either hydrocortisone (cortisol) or acetylcarnitine (Cor = 0.42, 0.58, respectively). Instead, acetylcarnitine presented a negative trend with the abundance of both hypoxanthine and glycerophosphocholine (Figure 3C). According to the expression levels of these five metabolites between the IVL and Co groups, we discovered that hypoxanthine and glycerophosphocholine were significantly downregulated in the IVL group, while hydrocortisone (cortisol), decanoyl-L-carnitine, and acetylcarnitine were upregulated in the IVL group (Figures 4A–E). To investigate the roles of these metabolites in the progression of IVL, all samples were further classified into four groups as mentioned above in accordance with the presence of uterine leiomyoma and recurrence. It appeared that the relative content of hypoxanthine in the Co-no and Co-um groups significantly differed from that in the IVL-no and IVL-re groups (P < 0.01) (Figure 4F). Regarding acetylcarnitine and decanoyl-L-carnitine in Figures 4G,H, they were elevated in the IVL-no group when compared with the healthy controls. Besides, the levels of these metabolites were significantly different in the IVL-re group in comparison with the Co-no group. Glycerophosphocholine showed a tendency of declining consistency as the disease progressed even though we only observed a noticeable difference in the IVL-no and IVL-re groups when compared with the Co-no group but not when compared with the Co-um group (relative content = 1.00 ± 0.10, 0.95 ± 0.19, 0.82 ± 0.11, 0.80 ± 0.24 for each group, respectively) (Figure 4I). Conversely, a gradual upward trend was observed in hydrocortisone (cortisol) except that there seemed to be no statistical significance regarding the comparison between the IVL-no and Co-um groups, as suggested in Figure 4J (relative content = 1.00 ± 0.75, 1.08 ± 0.62, 1.99 ± 0.96, 2.58 ± 2.54 for each group, respectively).
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FIGURE 3. Lasso regression model construction and correlation analysis. (A) The process of fitting the lasso regression model. Each curve represented a metabolite. (B) Partial likelihood deviance was calculated by the cross-validation for the best λ to determine the minimum mean cross-validated error. Red dots and solid vertical lines referred to partial likelihood deviance and corresponding 95% CI, respectively. In addition, the left and right dotted vertical lines represented the λ value with minimum cvm (namely, lambda.min) and the largest value, whose error was within one standard error of the minimum (lambda.1se). (C) The correlation figure revealed the correlation of expression pattern of five selected metabolites. Red represented a positive correlation, and blue showed a negative correlation. The size of the point was proportional to the correlation coefficient.
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FIGURE 4. The relative content of metabolites among groups. (A–E) Boxplots of the differentially expressed metabolites between the IVL and control groups (**P < 0.01), including hypoxanthine, glycerophosphocholine, hydrocortisone (cortisol), decanoyl-L-carnitine, and acetylcarnitine. (F–J) Comparisons of the expression of five metabolites as mentioned above among the Co-no, Co-um, IVL-no, and IVL-re groups (*P < 0.05, **P < 0.01).




Determination of Hub Metabolites Associated With the Progression of IVL

Given the mutual interaction of the metabolites, we further used a generalized linear regression model (GLM) to find the hub metabolites that were associated with the progression of IVL with the relative content of the five metabolites. Our data proved that four metabolites [hypoxanthine, acetylcarnitine, glycerophosphocholine, and hydrocortisone (cortisol)] were closely related to the progression of IVL, as displayed in Figure 5. Hypoxanthine and glycerophosphocholine might function as independent protective factors in the progression of the disease (OR = 0.19 or 0.02, respectively); nevertheless, acetylcarnitine and hydrocortisone (cortisol), especially the former, might act as hazardous indicators or risk factors for the disease to promote the progression of IVL (OR = 18.16 or 2.10, respectively). These results implied that these four metabolites were promising factors for future prediction of the prognosis and progression of IVL.
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FIGURE 5. Identification of hub metabolites based on generalized linear regression model. Forest plot displayed the odds ratio of five metabolites in the progression of IVL. P-value was calculated by generalized linear regression model, adjusted for the relative content of these metabolites.




Validation of the Prediction of the Hub Metabolites by ROC Analysis

To confirm the prediction accuracy of the four hub metabolites mentioned above, we further performed the receiver operator characteristic curve analysis using a Python module, Scikit-learn1. Two comprehensive state-of-the-art machine-learning algorithms were introduced in the present study, including micro-average ROC (calculating metrics globally by considering each element of the label indicator matrix as a label) and macro-average ROC (calculating metrics for each label, and finding their unweighted mean). Our results indicated that these four metabolites functioned well in distinguishing cases from distinct pathological statuses with the area under the curve (AUC) to be 0.72 or even 0.81 for the results of micro or macro-average ROC analyses, respectively (Figure 6). Additionally, it was worth noting that the four hub metabolites exhibited a reliable discrimination to recognize patients with uterine leiomyoma or intravenous leiomyomatosis from normal controls (AUC value = 0.88). These findings signified the predictive value of the model established by the four hub metabolites.
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FIGURE 6. Validation the prediction accuracy of the model. ROC analysis of the four hub metabolites by micro and macro-average ROC machine-learning algorithms for multi-class variables. Class 0 ∼ 3 represented the Co-no, Co-um, IVL-no, and IVL-re groups, respectively. AUC value was applied to characterize the model performance.





DISCUSSION

With the rapid development of modern biological analysis technology, metabolomics has been successfully applied in many fields, such as cancer research (Tayanloo-Beik et al., 2020). Metabolomics is one of the “omics” techniques, and is complementary to genomics, transcriptomics, and proteomics (Xuan et al., 2020). Metabolites are defined as small organic and low-molecular-weight compounds (<1,500 Dalton), which are the final products during the metabolic process (Alonso et al., 2015). The study of metabolites helps to identify metabolic pathways that are activated or dysfunctional in patients (Christodoulou et al., 2020). At the molecular level, metabolomics adopts novel biomarkers to explore the underlying mechanisms of disease development (Wang et al., 2011). A recent study discovered that histidinyl-lysine, docosahexaenoic acid and lysoPC combined with CA199, based on metabolomics analysis, showed high sensitivity and specificity in detecting patients with pancreatic ductal adenocarcinoma, indicating that these metabolites could be used as potential indicators to distinguish pancreatic ductal adenocarcinoma disease from normal controls (Zhang et al., 2020). Additionally, another team also proved that increased levels of circulating anti-Mullerian hormone (AMH) in premenopausal women were associated with elevated risks of breast cancer (Eliassen et al., 2016). A study involving 101 unstable angina pectoris patients screened out a series of DEMs, as new biomarkers in the identification of the illness (Yao et al., 2017). Similarly, Farshidfar et al. (2016) also tested some biomarkers that could achieve early detection or even preliminary staging information for colorectal cancer. The above studies demonstrated that metabolomics plays a vital role in the diagnosis and prognosis of diseases. However, there have been no relevant studies focusing on metabolic differences in patients with IVL.

In this study, 30 IVL patients and 30 healthy controls were recruited, and the program yielded a total of 240 significantly different metabolites at the superclass level, which were prevailingly characterized as lipids or lipid-like molecules, organic acids or derivatives, organoheterocyclic compounds, and organic oxygen compounds. Subsequently, we identified several metabolites associated with IVL based on OPLS-DA and univariate analysis. Further identification via GLM was performed, and four hub metabolic markers were finally screened out, namely, hypoxanthine, acetylcarnitine, glycerophosphocholine, and hydrocortisone (cortisol), which could distinguish IVL patients from healthy subjects. These metabolites were involved in purine metabolism, cortisol synthesis or secretion, and choline metabolite in cancer on the basis of enrichment analysis. Subsequently, the micro and macro-average ROC machine-learning algorithms were applied in this study to validate the prognostic reliability of the hub metabolite. What made sense was that the ROC analysis confirmed the discrimination of the model to recognize the corresponding disease conditions of these included cases. Particular, it performed well to distinguish patients with uterine leiomyoma or intravenous leiomyomatosis from healthy subjects.

Hypoxanthine is a purine, engaged in the metabolism of adenine and guanine, and therefore, in the synthesis of the corresponding nucleosides (Barberini et al., 2019). Hypoxanthine is known to be related to various cancers. A targeted study constructed by Yoo et al. (2010) revealed that the downstream metabolites, hypoxanthine and xanthine, were reduced in non-Hodgkin’s lymphoma, which were likely to be defined as suitable markers for non-Hodgkin’s lymphoma, with AUROC values of 0.85 and 0.83, respectively. Another study also elucidated the underlying mechanisms of the low content of hypoxanthine in urine samples of patients with hepatocellular carcinoma (Wu et al., 2009). Likewise, a research focusing on cerebrospinal fluid-based metabolomics, suggested that it was downregulated in patients with lung adenocarcinoma with brain metastasis compared with controls (Wang F.X. et al., 2020). In previous reports, the potential correlation between the reduced hypoxanthine levels and cancers such as colorectal cancer (Long et al., 2017), non-Hodgkin lymphoma (Yoo et al., 2010), and gastric cancer (Jung et al., 2014) has already been explained; in other words, increased synthesis of DNA (adenine utilization) in hyperproliferative tissues might be responsible for the decreased level of hypoxanthine. Consistent with previous studies, in the present research, the level of hypoxanthine was significantly lower in the IVL groups than in the control group (P-value = 0.013). As a substrate and nitrogen source, the alteration in hypoxanthine levels shown in our study was possibly associated with the higher invasive probability of the tumor cells.

Acetylcarnitine is an acetylated form of L-carnitine, mainly used for energy production by transporting activated long-chain fatty acids from the cytosol into mitochondria (Lee et al., 2020). Long-chain acetylcarnitine was reported to be an essential source of energy production in cancer cells (Linher-Melville et al., 2011). In recent years, acetylcarnitine has attracted much attention in tumor research (Fong et al., 2011). Several studies have carried out metabolomics analysis to compare patients with hepatocellular carcinoma and healthy individuals. The findings revealed that it was increased in serum of patients with hepatocellular cancer (Ladep et al., 2014; Li et al., 2017; Lee et al., 2020). Lu et al. (2016) also suggested that serum acetylcholine could be regarded as a new indicator of hepatocellular carcinoma. In addition, differences in acetylcarnitine levels were observed among different breast cancer subtypes (Fan et al., 2016). Conversely, given that advanced stages of hepatocellular carcinoma usually impelled patients to be prone to cachexia, serum acetylcarnitine levels declined accordingly for reduced carnitine synthesis in hepatocellular carcinoma patients (Lee et al., 2020), which was commonly seen in the terminal phase of patients with digestive system neoplasms (Malaguarnera et al., 2006). Acetylcarnitine in our study was higher in the IVL group than in the control group, and it functioned as a hazardous factor in the progression of IVL. Based on these theories, it was reasonable to believe that acetylcarnitine became elevated as the disease progressed by promoting energy production in the lesions.

Glycerophosphocholine is one of the intermediates of choline metabolism (Kinross et al., 2009). Abnormal choline phospholipid metabolism has been verified to be associated with carcinogenesis and tumor progression (Zhang X. et al., 2016). Besides, variations have been found in choline phospholipid metabolism, which could be observed among several types of cancers (Glunde et al., 2011). Similar to previous studies, our data showed that IVL patients had lower levels of glycerophosphocholine, a metabolite of choline, than the healthy controls, suggesting that abnormal choline and carbon metabolism might contribute to oncogenesis. As reported, when choline is oxidized to betaine (trimethylglycine), it participates in methylation, which is not only necessary for the methionine/homocysteine cycle but also plays a central role in choline-mediated carbon metabolism (it donates a methyl group for methionine and dimethylglycine remethylation of homocysteine) (Zhang X. et al., 2016). Choline can also be metabolized by intestinal bacteria to produce trimethylamine, which is then further transformed into trimethyl-amine N-oxide (Glunde et al., 2006). Compared with normal tissues, tumor tissues tended to present an abnormal choline phospholipid metabolic spectrum, characterized by abnormally high levels of choline-containing compounds. This eventually led to a decrease in these compounds in blood.

Regarding hydrocortisone (cortisol), it is the major endogenous glucocorticoid secreted by the adrenal cortex (Marik, 2009). As a glucocorticoid receptor agonist, hydrocortisone is involved in protein catabolism, gluconeogenesis, capillary wall stability, renal excretion of calcium, and suppression of immune or inflammatory responses. Furthermore, studies have validated that cortisol also exhibits special significance in some tumors; that is, as cancer progresses, cortisol secretion increases abnormally in cancers such as breast cancer, lung cancer and oral squamous cell carcinoma, which is not relative to the tumor tissue type (Lichter and Sirett, 1975; van der Pompe et al., 1996; McEwen et al., 1997; Lissoni et al., 2007; Sharma et al., 2018). In our experiment, cortisol levels could distinguish the IVL group from the control group, and the cortisol concentration in the IVL-re group was significantly higher than that in the IVL-no group, which revealed that cortisol might be associated with the recurrence of IVL.

Here, metabolomics and comprehensive bioinformatics analyses were combined to distinguish metabolites between patients with IVL and healthy controls. The aim was to determine the metabolic characteristics of IVL and improve the understanding of IVL development and the related prognosis. However, the limitations of the current study need to be pointed out either, that more cases of IVL patients should be recruited from multiple clinical centers to validate the reliability and feasibility of the model in the future application. Besides, it really makes much sense to distinguish the potential alteration or similarity in the metabolic hallmarks between solid tissues and serum samples from IVL patients given that tumors are characterized by peculiar internal environment and metabolic patterns.



CONCLUSION

We found that metabolomics based on HPLC-MS/MS could efficaciously differentiate IVL patients from healthy subjects. This study characterized the serum metabolomics pattern of IVL. Ultimately, we developed a four-metabolite-based panel that was closely correlated with the progression of IVL. Among them, hypoxanthine, and glycerophosphocholine performed as underlying protective indicators, which decreased as the disease progressed. Conversely, acetylcarnitine and hydrocortisone (cortisol) were proved to be risk factors, augmenting with the oncogenesis and recurrence of IVL, further confirmed based on the multi-class ROC analysis. Thus, the abnormal metabolism and relevant metabolite differences in this study provided valuable evidence for developing novel non-invasive methods concerning the diagnosis and prognosis of IVL based on these potential biomarkers.
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Among gynecologic malignancies, ovarian cancer is the third most prevalent and the most common cause of death, especially due to diagnosis at an advanced stage together with resistance to therapy. As a solid tumor grows, cancer cells in the microenvironment are exposed to regions of hypoxia, a selective pressure prompting tumor progression and chemoresistance. We have previously shown that cysteine contributes to the adaptation to this hypoxic microenvironment, but the mechanisms by which cysteine protects ovarian cancer cells from hypoxia-induced death are still to be unveiled. Herein, we hypothesized that cysteine contribution relies on cellular metabolism reprogramming and energy production, being cysteine itself a metabolic source. Our results strongly supported a role of xCT symporter in energy production that requires cysteine metabolism instead of hydrogen sulfide (H2S) per se. Cysteine degradation depends on the action of the H2S-synthesizing enzymes cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE), and/or 3-mercaptopyruvate sulfurtransferase (MpST; together with cysteine aminotransferase, CAT). In normoxia, CBS and CSE inhibition had a mild impact on cysteine-sustained ATP production, pointing out the relevance of CAT + MpST pathway. However, in hypoxia, the concomitant inhibition of CBS and CSE had a stronger impact on ATP synthesis, thus also supporting a role of their hydrogen sulfide and/or cysteine persulfide-synthesizing activity in this stressful condition. However, the relative contributions of each of these enzymes (CBS/CSE/MpST) on cysteine-derived ATP synthesis under hypoxia remains unclear, due to the lack of specific inhibitors. Strikingly, NMR analysis strongly supported a role of cysteine in the whole cellular metabolism rewiring under hypoxia. Additionally, the use of cysteine to supply biosynthesis and bioenergetics was reinforced, bringing cysteine to the plateau of a main carbon sources in cancer. Collectively, this work supports that sulfur and carbon metabolism reprogramming underlies the adaptation to hypoxic microenvironment promoted by cysteine in ovarian cancer.
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INTRODUCTION

Despite all the progresses developed in prevention and new treatment approaches, cancer corresponds to the second leading cause of death worldwide (Fitzmaurice et al., 2015). Ovarian cancer is not an exception to this scenario, being expected, in 2020, 0.28 million new cases and 0.18 million ovarian cancer deaths worldwide (Ferlay et al., 2013). The late diagnosis together with resistance to conventional therapy represent the major causes for the poor prognosis of this disease (Jayson et al., 2014).

Epithelial ovarian cancer (EOC) includes most (90%) ovarian malignancies (Bast et al., 2009; Desai et al., 2014) that can be classified based on histopathology and molecular/genetic features, being mainly classified as serous low-grade (LG-OSC, <5%) and high-grade (HG-OSC, 70%), endometrioid (OEC, 10%), clear cell (OCCC, 10%) and mucinous (OMC, 3%) (Prat, 2012; Reid et al., 2017).

As a solid tumor grows, cancer cells are exposed to varying oxygen tensions and to different degrees of hypoxia, being these oxygen fluctuations strongly linked to oxidative stress (Fruehauf and Meyskens, 2007; Saed et al., 2017) and known to be responsible for tumor progression and resistance to therapy (Vaupel and Mayer, 2007; Semenza, 2012). In ovarian cancer, oxidative stress was already associated with the pathogenesis of the disease (Senthil et al., 2004; Saed et al., 2017), indicating that ovarian cancer cells present mechanisms that allow them to cope with the harmful oxidative conditions. We disclosed that cysteine facilitates the adaptation of ovarian cancer cells to hypoxic environments and to carboplatin-induced death (Nunes et al., 2018a,b). Moreover, the relevance of cysteine in the clinical context of ovarian cancer was also corroborated, since ascitic fluid from ovarian cancer patients – an important compartment of tumor microenvironment – showed cysteine as the prevalent thiol and because cysteine levels were also altered in serum from patients with ovarian tumors (Nunes et al., 2018b). Cysteine role in cancer cells survival was already associated with its role as a precursor of the antioxidant glutathione (GSH) (Schnelldorfer et al., 2000; Balendiran et al., 2004; Lopes-Coelho et al., 2016) and due to hydrogen sulfide (H2S) generation (Bhattacharyya et al., 2013; Szabo et al., 2013; Pan et al., 2015; Panza et al., 2015; Sen et al., 2015; Gai et al., 2016; Szczesny et al., 2016) by cysteine catabolism through the activity of the enzymes cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE), and/or 3-mercapto-pyruvate sulfurtransferase (MpST) together with cysteine aminotransferase (CAT) (Wang, 2012; Kabil and Banerjee, 2014; Giuffrè and Vicente, 2018; Hipólito et al., 2020). CBS, CSE, and MpST also catalyze the cyst(e)ine-dependent production of cysteine persulfide (CysSSH), which in several (patho)physiological contexts affords protection from damaging cysteine oxidation (e.g., Filipovic et al., 2018; Zivanovic et al., 2019; Zuhra et al., 2021). Another recently proposed pathway linking cysteine catabolism with mitochondrial bioenergetics concerns the mitochondrial isoform of cysteinyl-tRNA synthase (CARS2), which converts cysteine into CysSSH and also incorporates persulfidated cysteine into nascent polypeptides (Akaike et al., 2017; Bianco et al., 2019). The uptake of cysteine by cells seems to be preferentially mediated by xCT, a member of the cystine-glutamate transporter xc- system, known to mediate the uptake of cystine, the oxidized form of cysteine (Sato et al., 2000). Interestingly, it was reported that xCT was associated with intracellular GSH level and with cisplatin resistance in human ovarian cancer cell lines (Okuno et al., 2003). More recently, xCT has been implicated as part of highly favorable metabolic cancer phenotype, presenting increased capacity of ATP generation amongst other features pivotal for cancer cells survival and chemoresistance (Polewski et al., 2016; Jourdain et al., 2021).

Here, we aimed to address the mechanism by which cysteine protects ovarian cancer cells from hypoxia-induced death, hypothesizing that in addition to its role as GSH precursor, cysteine contributes to cell bioenergetics and biosynthesis under hypoxic conditions, as both a donor of H2S and as a carbon source. To test this hypothesis, we used two different ovarian cancer cell lines derived from two different histological types. ES2 cells correspond to an ovarian clear cell carcinoma (OCCC), an uncommon but highly chemoresistant histotype, and OVCAR3 cells correspond to a high-grade ovarian serous carcinoma (HG-OSC, the most frequent histotype), which usually acquires resistance during chemotherapy (Goff et al., 1996; Sugiyama et al., 2000; Cooke et al., 2011; Beaufort et al., 2014).



MATERIALS AND METHODS


Cell Culture

Cell lines from OCCC (ES2; CRL-1978) and HG-OSC (OVCAR-3; HTB-161) were obtained from American Type Culture Collection (ATCC). Cells were maintained at 37°C in a humidified 5% CO2 atmosphere, and cultured in Dulbecco’s Modified Eagle medium (DMEM, 41965-039, Gibco, Life Technologies), containing 4.5 g/L of D-glucose and 0.58 g/L of L-glutamine, 1% FBS (S 0615, Merck), 1% antibiotic-antimycotic (P06-07300, PAN Biotech) and 0.1% gentamicin (15750-060, Gibco, Life Technologies). Cells were exposed either to 0.402 mM L-cysteine (102839, Merck) and/or to hypoxia induced with 0.1 mM cobalt chloride (CoCl2) (C8661, Sigma-Aldrich) as previously (Nunes et al., 2018a,b).

Prior to any experiment, cells were synchronized under starvation (culture medium without FBS) for 8 h at 37°C and 5% CO2.



ATP Quantification

To test the effect of xCT inhibition on ATP levels, cells (5 × 105 or 2.5 × 105 cells/well) were seeded in 6-well white plates in hypoxia-mimic conditions induced with 0.1 mM CoCl2 and challenged with 0.25 mM sulfasalazine (S0883, Sigma), an xCT inhibitor (Gout et al., 2001). After 24 h, the medium was replaced and the challenging/stimulatory conditions reset. Cells were collected at 48 h after stimulation.

To test the effect of the enzymes involved in cysteine metabolism on ATP synthesis, cells (5 × 105 or 2.5 × 105 cells/well) were seeded in 6-well plates and cultured in control condition and exposed to 0.402 mM L-cysteine and/or 0.100 mM CoCl2. The previous conditions were combined with 1 mM O-(carboxymethyl)hydroxylamine hemihydrochloride (AOAA, C13408, Sigma) and 3 mM DL-propargylglycine (PAG, P7888, Sigma). AOAA is an inhibitor of both CBS and CSE, whereas PAG is selective toward CSE. After 24 h, the medium was replaced and the challenging/stimulatory conditions reset. Cells were collected at 16 and 48 h after stimulation. This assay was also performed with cell collection after 2 h of experimental conditions. In this case, 5 × 105 cells were seeded in 6-well white plates for both ES2 and OVCAR3 cells.

To investigate the effect of cyst(e)ine and NaHS (H2S donor) on ATP synthesis upon xCT inhibition, cells (5 × 105 or 2.5 × 105 cells/well) were seeded in 6-well plates and exposed to hypoxia induced with 0.1 mM CoCl2 with and without 0.402 mM L-cysteine combined with 0.25 mM sulfasalazine, 30 μM NaHS (161527 Sigma-Aldrich) or both. After 24 h, the medium was replaced and the challenging/stimulatory conditions reset. Cells were collected at 48 h after stimulation. This assay was also performed with cell collection after 1 h of experimental conditions. In this case, 5 × 105 cells were seeded in 6-well white plates for both ES2 and OVCAR3 cells.

Cells were scraped with cold PBS containing 2 mM EDTA and homogenized in 1% Non-idet P-40 (NP-40) lysis buffer (1% NP40 N-6507 Sigma, and 1× protease inhibitor, SIGMAFASTTM Protease inhibitor cocktail tablets S8830, Sigma) on ice for 30 min and centrifuged at 20,000 × g for 5 min at 4°C. Protein was quantified and the same amount of total protein was used within each assay, in a range between 2.5 and 10 μg. ATP determination kit (A22066, Molecular probes) was used in accordance with the manufacturer’s instructions. The measurements were performed using the Luciferase protocol in a VIKTOR3 plate reader (PerkinElmer), using the Wallac 1420 software, version 3.0 (Luminometry, Luciferase FIR protocol). ATP concentration was determined against an ATP calibration curve, within the range between 0 and 30 μM.



Immunofluorescence Analysis

Cells (1 × 105 cells/well) were seeded in 24-well plates and cultured either in control or stimulated/challenged conditions. After 16 h of experimental conditions, cells were fixed with 4% paraformaldehyde for 15 min at 4°C and permeabilized with saponin 0.1% in PBS-BSA (PBS buffer containing 0.5%, w/v, bovine serum albumin) for 15 min at room temperature. Cells were then incubated with anti-xCT (ab175186, abcam) for 30 min (diluted 1:100 in PBS-BSA) and incubated with secondary antibody for 2 h at room temperature (Alexa Fluor® 488 anti-rabbit, A-11034, Invitrogen) (1:1000 in PBS-BSA). The protocol was repeated for anti-TOMM20 (1:100 in PBS PBS-BSA; ab186734 from abcam) for 2 h at room temperature and incubated with secondary antibody for 2 h at room temperature (Alexa Fluor® 594 anti-rabbit, A-11037, Invitrogen) (1:1000 in PBS-BSA).

The slides were mounted in VECTASHIELD media with 4′-6-diamidino-2-phenylindole (DAPI) (Vector Labs) and examined by standard fluorescence microscopy (Zeiss Imajer.Z1 AX10 microscope). Images were acquired and processed with CytoVision software.



Western Blotting Analysis of Mitochondria Extracts

Cells (7 × 106 cells/flask) were cultured in 150 cm2 culture flasks and submitted to control condition and to 0.402 mM L-cysteine and/or 0.1 mM CoCl2. Cells were collected after 16 h of experimental conditions, and mitochondria were isolated with the Mitochondria Isolation Kit for profiling cultured cells (MITOISO2, Sigma). Briefly, cells were scraped, centrifuged for 5 min at 600 × g and washed in ice cold PBS. The cell pellet was resuspended in 650 μL of Lysis Buffer, according to the manufacturer’s instructions.

The mitochondrial lysates were centrifuged at 20,817 × g for 5 min at 4°C and total protein concentration was determined based on the Bradford method (500-0006, Bio Rad). Western blotting for xCT and TOMM20 detection was performed with 15 μg of total protein, whereas for MpST, 20 μg of total protein were used. TOMM20 was used as a mitochondrial endogenous control.

Total protein in SDS-PAGE gels was transferred to PVDF membranes by semi-dry transfer. Membranes were blocked with PBS-milk (PBS containing 5% non-fat skimmed powdered milk) incubated with anti-xCT (1:1000 in PBS-milk; ab175186 from abcam) or anti-MpST (1:250 in PBS-milk; HPA001240 from Sigma) at 4°C with stirring, overnight. The membranes were then washed three times, for 5 min, with PBS 1 × 0.1% (v/v) Tween 20, and further incubated with secondary antibody (anti-rabbit 1:5,000 in PBS-milk; 31460 from Thermo Scientific) for 2 h at room temperature. For the membrane that was previously incubated with xCT, the protocol was repeated for anti-TOMM20 (1:1000 in PBS 1x-Milk 5%; ab186734 from abcam).



Cell Death Analysis

To test whether the protective effect of cysteine under hypoxia was dependent on H2S production, cells (1 × 105 cells/well) were seeded in 24-well plates. Cells were cultured in control condition and exposed to 0.402 mM L-cysteine and/or hypoxia induced with 0.1 mM CoCl2, combined to 1 mM O-(carboxymethyl)hydroxylamine hemihydrochloride (AOAA, C13408, Sigma), to 3 mM of DL-propargylglycine (PAG, P7888, Sigma), or the combination of both. Cells were collected 16 h after stimulation.

Cells were harvested by centrifugation at 153 × g for 3 min, cells were incubated with 0.5 μL FITC-Annexin V (640906, BioLegend) in 100 μL annexin V binding buffer 1 × 10 mM HEPES (pH 7.4), 0.14 M sodium chloride (NaCl), 2.5 mM calcium chloride (CaCl2) and incubated at room temperature and in the dark for 15 min. After incubation, samples were rinsed with 0.2% (w/v) BSA (A9647, Sigma) in PBS and centrifuged at 153 × g for 3 min. Cells were suspended in 200 μL of annexin V binding buffer 1× and 2.5 μL propidium iodide (50 μg/mL) were added. Acquisition was performed in a FACScalibur (Becton Dickinson). Data were analyzed with FlowJo software.



Nuclear Magnetic Resonance (NMR) Analysis

To address the metabolic effects of cysteine under normoxia and hypoxia in ES2 and OVCAR3 cells, the levels of several metabolites were measured by 1H-NMR. Cells (6.5 × 106 cells) were seeded in 175 cm2 culture flasks and cultured in control condition and exposed to 0.402 mM L-cysteine and/or hypoxia-mimicked conditions induced with 0.1 mM CoCl2. Cells and supernatants were collected at 48 h after stimulation and stored at −20°C.

To follow all the metabolites directly derived from cysteine, cells (6.5 × 106 cells) were seeded in 175 cm2 culture flasks and cultured in control condition and exposed to 0.402 mM L-cysteine and/or hypoxia induced with 0.1 mM CoCl2. In this assay, a fully U-13C-labeled L-cysteine (CLM-1868-PK, Cambridge Isotopes Laboratories, Inc.) was used. Cells were collected at 48 h after stimulation and supernatants were collected at 12, 24, 36, and 48 h of incubation and stored at −20°C.

Cell extracts were performed with methanol and chloroform to separate organic and aqueous phases. After cold methanol mixture (4 mL methanol/1 g weight pellet), two volumes (vol) of water were added, mixed, and incubated for 5 min on ice. Chloroform (1 vol) was then added to the sample and mixed. Finally, 1 vol of water was added and samples were incubated for 10 min on ice, following centrifugation at 1,699 × g for 15 min at 4°C. Aqueous (upper) and organic (lower) phases were collected. After extraction of solvents by evaporation, using a Speed Vac Plus Scllon, the samples were suspended on KPi buffer (50 mM, pH 7.4) in deuterated water (D2O) with 4% (v/v) sodium azide (NaN3) and 0.097 mM of 3-(trimethylsilyl)propionic-2,2,3,3-d4 (TSP). Culture supernatants were also diluted in this solution at 1:10 ratio. The 1H-NMR (noesypr1d), 13C-NMR (zgdc) and 13C-1H-HSQC (hsqcetgpsisp2) was obtained at 25°C in an Avance 500 II+ (Bruker) spectrometer operating at 500.133 MHz, equipped with a 5 mm TCI(F)-z H-C/N Prodigy cryo-probe. The chemical shifts in aqueous sample were referred to the TSP. Topspin 4.0.7 (Bruker) was used for acquisition and spectra analysis. Compound identification was performed by resorting to the Human Metabolome database (HMDB)1 and Chenomx NMR suite software version 8.1 (Chenomx Inc.). Metabolites concentration was determined using Chenomx NMR suite software version 8.1 for 1H-NMR spectra (Chenomx Inc.). Quantification of the resonances in 13C-1H-HSQC spectra was done by calculate the 1D projections and integrate the resonances areas in Topspin 4.0.7, using the TSP resonance was reference.



Statistical Analysis

All data are presented as the mean ± SD with the exception of 1H-NMR data, which are presented as the median with 25th to 75th percentiles. All the graphics were done using the PRISM software package (PRISM 6.0 for Mac OS X; GraphPad software, United States, 2013) and Microsoft Excel. Assays were performed with at least three biological replicates per treatment, with the exception of NMR assay with 13C-labeled L-cysteine for which only two biological replicates were performed for the majority of treatments, and hence no statistical analysis was conducted. For comparisons of two groups, a two-tailed independent-samples t-test was used. For comparison of more than two groups, one-way analysis of variance (ANOVA) with Tukey’s multiple-comparisons post hoc test was used. Statistical significance was established as p < 0.05. All statistical analyses were performed using the IBM Corp. Released 2013. IBM SPSS Statistics for Macintosh, Version 22.0. Armonk, NY: IBM Corp. software, with the exception of metabolic pathway analysis that was performed with MetaboAnalyst 4.02.



RESULTS


xCT Transporter Localizes in Ovarian Cancer Cells’ Mitochondria and Its Inhibition Impairs ATP Production Under Hypoxia, Which Is Further Rescued by Cysteine Supplementation

We have previously reported that cysteine supplementation was able to protect ovarian cancer cells from hypoxia-induced death (Nunes et al., 2018a,b). Herein, we hypothesized that an increase in intracellular cysteine facilitates this adaptation to hypoxia by an increase in ATP production.

Results show that after 16 h of experimental conditions, for ES2 cells, ATP levels did not differ among hypoxia with and without cysteine supplementation, and were higher under hypoxia without cysteine compared to normoxia with cysteine (p = 0.017) (Figure 1A). With 48 h of experimental conditions, ATP levels were increased under hypoxia without cysteine compared both to hypoxia (p = 0.018) and normoxia (p = 0.033) with cysteine (Figure 1A).
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FIGURE 1. xCT transporter localizes in ovarian cancer cells’ mitochondria and its inhibition impairs ATP production under hypoxia, which is further rescued by cysteine. ATP levels normalized to control values (normoxia without cysteine supplementation) for 16 h and 48 h of experimental conditions for (A) ES2 cells and (B) OVCAR3 cells. The differences among treatments are pointed in the figure (one-way ANOVA with post hoc Tukey tests. For ES2, n = 6 for all treatments for 16 h of experimental conditions and n = 3 for 48 h of experimental conditions. For OVCAR3, n = 6 for all experimental conditions). (C) Immunofluorescence analysis for the xCT transporter and TOMM20 under control conditions (normoxia) for ES2 and OVCAR3 cells (n = 3). (D) ATP levels for 48 h of experimental conditions for ES2 and OVCAR3 cells under hypoxia and in the presence of the xCT inhibitor, sulfasalazine. (E) ATP levels for 48 h of experimental conditions for ES2 and OVCAR3 cells under hypoxia and in the presence of sulfasalazine and cysteine. The values were normalized to the respective control and log2 fold change was calculated. The differences among treatments are pointed in panels (D,E) (independent-samples t-test; n = 6 for all experimental conditions and for both cell lines). N, normoxia; NC, normoxia with cysteine; H, hypoxia; HC, hypoxia with cysteine. Results are shown as mean ± SD. */#p < 0.05, **/##p < 0.01, ***/###p < 0.001.


In OVCAR3 cells, after 16 h of experimental conditions, no differences were observed among treatments (Figure 1B). However, with 48 h of experimental conditions, the results were identical to ES2 cells, where cells cultured under hypoxia without cysteine presented higher ATP levels compared both to normoxia (p = 0.008) and hypoxia (p < 0.001) with cysteine (Figure 1B).

Therefore, after 48 h of experimental conditions, we observed increased ATP levels in hypoxia-mimicked conditions, which were prevented by cysteine administration in both ES2 and OVCAR3 (Figures 1A,B). These results support that ovarian cancer cells exhibit alternative ways that allow sustaining energy production under hypoxic environments. Since cells cultured under hypoxia without cysteine supplementation also present cysteine in the medium (yet in lower concentrations), and also because cells cultured under hypoxia with cysteine reach higher cellular confluence levels compared to hypoxia without cysteine, we cannot, nevertheless, rule out a role of cysteine in ATP production. Therefore, we further explored the role of xCT, a member of the cystine-glutamate transporter xc– system, known to mediate the uptake of cystine (Sato et al., 2000) (the oxidized form of cysteine that is the predominant status of cysteine extracellularly), on ATP production under hypoxic environments. Thus, we started by addressing if this transporter could localize in ovarian cancer cells’ mitochondria thus suggesting a role of cysteine metabolism in ATP production via xc– system. Immunofluorescence analysis suggested a mitochondrial localization of xCT in both ES2 and OVCAR3 cells (Figure 1C) that was further confirmed by western blotting analysis mitochondrial extracts (Supplementary Figure 1A). Interestingly, by western blotting with anti-TOMM20 (a mitochondrial marker) results show that ES2 cells present higher levels of TOMM20 under hypoxia compared to the other experimental conditions, whereas OVCAR3 cells seem to present the opposite tendency. As a consequence, the ratio xCT/TOMM20 was decreased under hypoxia-mimicked conditions in ES2 cells and increased in OVCAR3 cells (Supplementary Figure 1A).

We then explored the effect of xCT inhibition (with sulfasalazine) in the ability of ovarian cancer cells to produce ATP under hypoxia. Strikingly, xCT inhibition led to impaired ATP production in both cell lines (p = 0.038 for ES2 and p = 0.010 for OVCAR3) (Figure 1D). Importantly, cysteine was able to rescue this impaired ATP production upon xCT inhibition. Hence, we observed a significant increase in ATP levels upon cysteine supplementation (p < 0.001) (Figure 1E).



CBS and CSE Inhibition Does Not Impair ATP Synthesis but Induces Cell Death in ES2 Cells

Since results suggested that cysteine has a role in ATP synthesis mediated by the xCT transporter, we next measured ATP levels upon CBS and CSE inhibition. Results have shown that after 16 h of experimental conditions, no differences were found in ATP levels with or without CSE (PAG) and CBS/CSE inhibitors (AOAA) for both ES2 and OVCAR3 cells in any culture condition (Figures 2A–D). As in Figure 1, prolonged (48 h) exposure to hypoxia of both ES2 and OVCAR3 cells resulted in increased ATP production. However, under the same conditions, cysteine decreased ATP levels in both cell lines. Given the dual nature of H2S as an electron supply for the mitochondrial ETC at low concentrations, or as an inhibitor of Complex IV at higher levels, this observation further suggests that exogenous cysteine affects ATP production via CBS/CSE-catalyzed H2S production.
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FIGURE 2. CBS and CSE inhibition does not impair ATP synthesis in ovarian cancer cells but affect ES2 cells survival, mainly in hypoxia-mimicked conditions. (A–D) ATP levels in the presence of 1 mM AOOA and 3 mM PAG for 16 h and 48 h of experimental conditions for ES2 [A – values normalized to control (normoxia without cysteine and without inhibitors) and (B) – values normalized to the respective control and log2 fold change calculation] and OVCAR3 [C – values normalized to control (normoxia without cysteine and without inhibitors) and (D) – values normalized to the respective control and log2 fold change calculation] cells. (A,C) The asterisks (*) represent the statistical significance compared to the respective control. (B,D) The asterisks (*) represent the statistical significance compared to N, the section symbols (§) represents the statistical significance compared to NC and the cardinals (#) represent statistical significance compared to HC. For ES2, n = 6 for all treatments for 16 h of experimental conditions and n = 3 for 48 h of experimental conditions. For OVCAR3, n = 6 for all experimental conditions. (E,F) Cell death levels in the control condition, in the presence of CBS/CSE inhibitor (1 mM AOAA), CSE inhibitor (3 mM PAG) or both inhibitors for ES2 (E) and OVCAR3 (F) cells. The asterisks (*) represent statistical significance between the respective treatments or between AOAA + PAG and its control, the cardinals (#) represent statistical significance between AOAA + PAG and AOAA alone and the section symbols (§) represent statistical significance between AOAA + PAG and PAG alone. For both cell lines, at least n = 6 were performed for all experimental conditions. N, normoxia; NC, normoxia with cysteine; H, hypoxia; HC, hypoxia with cysteine. Results are shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 [(A,C) independent-samples t-test; (B,D–F) one-way ANOVA with post hoc Tukey tests].


Strikingly, upon exposure to CBS/CSE inhibitors for 48 h, increased ATP levels were observed in all experimental conditions for both ES2 (N p = 0.002, NC p = 0.001, H p = 0.004, HC p = 0.001) and OVCAR3 cells (N, NC and HC p < 0.0001 and H p = 0.003) with respect to their respective controls (48 h, no inhibitors; Figures 2A–D). In both cell lines exposed for 48 h to CBS/CSE inhibitors, hypoxia decreased significantly ATP production as compared to normoxia, but cysteine rescued this phenomenon (Figures 2B,D). These observations support the relevance of cysteine degradation on ATP production under hypoxia and put forward the possibility of a compensatory mechanism, e.g., via CAT/MpST or CARS2 to sustain H2S/CysSSH production under hypoxic conditions.

As ATP levels may increase under stressful conditions (e.g., Zhou et al., 2012) we investigate if there was an increase of cell death in the presence of CSE (PAG) and CBS + CSE (AOAA) inhibitors. We found that for ES2 cells, under normoxia both with and without cysteine supplementation (N and NC), CSE inhibition induced more cell death compared to joint CSE/CBS inhibition (p = 0.017) (Figure 2E). Under hypoxia (H), the combination of both inhibitors induced more cell death compared to their separate administration (p < 0.001). Interestingly, under hypoxia with cysteine, PAG alone resulted in increased cell death (p = 0.038 compared to the control) as well as in combination with AOAA (p = 0.002 compared to the control and p = 0.01 compared to AOAA alone) (Figure 2E). Regarding OVCAR3 cells, no differences were observed among treatments, with or without the inhibitors and/or cysteine (Figure 2F).

Together, results indicate that CBS and CSE inhibition, at least at the used doses, is not sufficient to impair ATP production but the inhibition of both enzymes affected ATP synthesis mainly under hypoxia for both cell lines. The role of MpST could not be addressed as no specific inhibitor is available.

Moreover, ES2 cells showed reduced viability upon the inhibition of both CBS and CSE under hypoxia-mimicked conditions, showing that ES2 cells are especially sensitive to the inhibition of these enzymes in this experimental condition, highlighting their role in hypoxia adaptation and the contribution of cysteine non-oxidative catabolism for cell survival in conditions of hypoxic stress.



Cysteine Degradation Is Necessary to Rescue ATP Production Triggered by xCT Inhibition

Since results have suggested that cysteine has a role in ATP production under hypoxia-mimicked conditions that can be in part related to H2S synthesis, we investigated if the impact of cysteine on ATP production rely on CBS/CSE-catalyzed H2S production. For that we ascertained if cysteine metabolism was necessary or if a bolus addition of an H2S donor, as NaHS, would be sufficient to counteract the ATP impairment triggered by xCT inhibition, both at short (1 h) and long (48 h) exposure times.

Due to the unstable nature of NaHS that was reported in culture medium (Sun et al., 2017) leading to an instant release of H2S that decays rapidly (Hu et al., 2011), we evaluated ATP levels upon NaHS exposure for 1 h in the experimental conditions tested before. Fu et al. (2012) have reported that in vascular smooth-muscle cells, 1 h of NaHS exposure was sufficient to alter mitochondrial ATP production under hypoxia in a concentration-dependent manner, consistently with the dual stimulatory/inhibitory nature of H2S for mitochondrial bioenergetics.

In hypoxic ES2 cells, within 1 h of conditions, while sulfasalazine alone tended to promote a slight increase in ATP (Figure 3A), 30 μM NaHS alone led to decreased ATP levels (p = 0.047) (Figure 3C), even upon xCT inhibition (H NaHS vs. H sulfasalazine p < 0.001; H NaHS + sulfasalazine vs. H sulfasalazine p < 0.001; HC NaHS vs. HC sulfasalazine p = 0.002; HC NaHS + sulfasalazine vs. HC sulfasalazine p < 0.001) (Figure 3A). In addition, under hypoxia with cysteine supplementation, NaHS did not affect ATP production (Figure 3C). For OVCAR3 cells, NaHS led to decreased ATP levels both under hypoxia with (p = 0.002) and without cysteine (p = 0.003) (Figure 3C), but no further differences were observed among treatments (Figure 3B). Furthermore, while 1 h of sulfasalazine was not sufficient to inhibit ATP levels in ES2 cells, there was a tendency for lower ATP levels in OVCAR3 cells (Figures 3A,B), suggesting that ES2 present higher basal levels of the xCT transporter or that these cells activate xCT (or other cysteine transporter) transcription in a more efficient way compared to OVCAR3 cells. In fact, in basal conditions, ES2 cells express higher xCT levels compared to OVCAR3 cells (Supplementary Figure 1B), hence supporting that a more prolonged exposure to sulfasalazine is necessary for the effective blocking of xCT in ES2 cells.
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FIGURE 3. Cysteine, but not NaHS, is able to rescue the ATP synthesis impairment, after 48 h under hypoxia triggered by xCT inhibition. (A–C) ATP levels for 1 h of experimental conditions for (C). ES2 and OVCAR3 cells under hypoxia with and without cysteine and in the presence of the H2S donor, NaHS sulfasalazine in which n = 5 for ES2; and H sulfasalazine and H NaHS C sulfasalazine, in which n = 5 for OVCAR3. (D,E) ATP levels for 48 h of experimental (un-normalized data), and (D) ES2 and (E) OVCAR3 cells under hypoxia with and without cysteine supplementation and in the presence of the xCT inhibitor, conditions for (A) ES2 and (B) OVCAR3 cells under hypoxia with and without cysteine and in the presence of the xCT inhibitor, sulfasalazine and the H2S donor, NaHS. Data were normalized to the respective control condition (the same environmental condition H/HC without NaHS or sulfasalazine). Data are presented as log2 fold change (n = 6 for both cell lines). H, hypoxia; HC, hypoxia with cysteine. Results are shown as mean ± SD. */p < 0.05, **/##p < 0.01, and ***/###p < 0.001 [one-way ANOVA with post hoc Tukey tests for (A,B,D,E) and independent-samples t-test for (C)].


While the 1 h of experimental conditions is suitable to study NaSH effects, may not allow enough cysteine metabolism to permit relevant H2S production. In fact, with 48 h of experimental conditions, results have shown that whereas cysteine was able to revert the ATP impairment upon xCT inhibition in both ES2 and OVCAR3 cells (p < 0.001), NaHS alone (H2S donor) was not, as no differences were found with sulfasalazine with or without NaHS, for both cell lines (p > 0.05). These results might indicate that H2S by itself does not rescue ATP production, being cysteine degradation a requirement (Figures 3D,E).



Cysteine Rescues Cellular Metabolism of Hypoxic ES2 Cells

In order to address the metabolic effects of cysteine supplementation under normoxia and hypoxia in ES2 and OVCAR3 cells, we measured the levels of several metabolites by 1H-NMR (Figures 4, 5 and Supplementary Figure 2).
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FIGURE 4. Cysteine rescues ES2 cellular metabolism and impacts several metabolic pathways under hypoxia. (A–F) Metabolites levels for 48 h of experimental conditions for ES2 cells. (A) Intracellular amino acids; (B) intracellular sugars and organic acids; (C) other intracellular metabolites; (D) amino acids in supernatants; (E) sugars and organic acids in supernatants; (F) other metabolites in supernatants. Data were normalized to the respective control condition (the same environmental condition NC/N and HC/H). NC, normoxia with cysteine; HC, hypoxia with cysteine. Results are shown as median with 25th to 75th percentiles. *p < 0.05, **p < 0.01, ***p < 0.001 (independent-samples t-test: NC, n = 6; HC, n = 5). (G) Metabolic pathway analysis for the effect of cysteine under normoxia and hypoxia in intracellular ES2 metabolites. All the matched pathways are displayed as circles. The color and size of each circle are based on p-value and pathway impact value, respectively. The most impacted pathways having statistical significance (p < 0.05) are indicated. Source: https://www.metaboanalyst.ca/Metabo Analyst/faces/home.xhtml.
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FIGURE 5. Effect of cysteine in OVCAR3 metabolites under normoxia and hypoxia. Metabolites levels for 48 h of experimental conditions for OVCAR3 cells. (A) Intracellular amino acids; (B) intracellular sugars and organic acids; (C) other intracellular metabolites; (D) amino acids in supernatants; (E) sugars and organic acids in supernatants; (F) other metabolites in supernatants. Data were normalized to the respective control condition (the same environmental condition NC/N and HC/H). NC, normoxia with cysteine; HC, hypoxia with cysteine. Results are shown as median with 25th to 75th percentiles. *p < 0.05, **p < 0.01, ***p < 0.001 (independent-samples t-test: NC, n = 6; HC, n = 6).


The intracellular metabolites were analyzed comparing the effect of cysteine in the metabolic profile of cells cultured in hypoxia with cells cultured in normoxia, in order to determine the variations in organic compounds driven by the presence of cysteine in both environments.

Regarding hypoxic ES2 cells, cysteine increased the intracellular levels of the amino acids alanine (p = 0.009), glutamate (p = 0.012), glycine (p = 0.008) and threonine (p = 0.016) (Figure 4A). Cysteine also led to increased intracellular levels of lactate (p = 0.021) (Figure 5B), choline (p = 0.005) and creatine (p = 0.005) (Figure 4C). In the extracellular media (supernatants), Co2+ employed to elicit hypoxia reacted as expected with histidine and therefore precluded any conclusion regarding histidine uptake (Supplementary Figure 2C). Cysteine decreased the release of fumarate under hypoxia (p = 0.046) (Figure 4E).

Through metabolic pathway analysis, results predicted that nine metabolic pathways are significantly and differently altered in ES2 cells by cysteine and hypoxia. The analysis showed alteration in the biosynthetic pathways of: (1) glycine, serine and/threonine; (2) alanine, aspartate and glutamate; (3) glutamine and glutamate; (4) arginine and proline; (5) GSH; (6) primary bile acid; (7) glycerophospholipid; (8) aminoacyl-tRNA; and (9) purine nitrogen bases (Figure 4G).

Regarding OVCAR3 cells, the only significant difference found on the effect of cysteine and hypoxia on intracellular metabolites concentration was on glucose levels, where there was a decrease in the intracellular levels of glucose (p = 0.021) (Figure 5). However, cysteine and hypoxia also provided a general tendency for increased intracellular amino acids such as alanine, glutamate, tyrosine and valine (Figure 5A). The measurement of the levels of these amino acids in the cell culture media showed that OVCAR3 cells uptake lower levels of alanine (p = 0.023) and proline (p = 0.008) and higher levels of glycine (p = 0.013) and phenylalanine (p = 0.049) due to the exposure to cysteine and hypoxia (Figure 5D). Cysteine and hypoxia also decreased the release of 2-hydroxybutyrate (p < 0.001), formate (p = 0.002) and isobutyrate (p < 0.001) (Figure 5E). As observed in ES2 cells, cysteine seemed to induce the release of glutamine, especially under normoxia (Supplementary Figure 2C).

The metabolite pathway analysis was not performed for OVCAR3 cells because cysteine and hypoxia only altered significantly one metabolite (glucose), thus making this analysis inaccurate.

Importantly, in the absence of cysteine, hypoxia did not alter the intracellular and extracellular levels of glucose and lactate in both cell lines, whereas it led to a decreased uptake of glutamine (p = 0.032) and to an increased release of fumarate (p = 0.041) in OVCAR3 cells (Supplementary Figure 2D).



Cysteine Supplies Crucial Metabolic Pathways in ES2 Cells, Under Normoxia and Hypoxia

To clarify the role of cysteine as a carbon source, we followed the metabolites directly derived from cysteine, by using 13C-L-cysteine. Our results supported that ES2 cells convert cysteine into lactate (Figures 6A,B). Whereas we observed the presence of satellite resonances indicating double 13C-labeled lactate (13CH313CH(OH)COOH) in ES2 spectra, these were not observed in OVCAR3 (Figure 6A). The presence of 13C satellite resonances in the lactate is a direct result of 13C-L-cysteine conversion into lactate. Furthermore, total (single and double-labeled) 13C-lactate and the percentage of double-labeled 13C-lactate tended to be higher under normoxia (NC 13C and NC double 13C, respectively) compared to hypoxia (HC 13C and HC double 13C, respectively) (Figure 6B). We also observed that ES2 cells tended to consume glucose faster than OVCAR3 cells both under normoxia and hypoxia in the presence of cysteine (Figure 6C).


[image: image]

FIGURE 6. Cysteine is directly used by ES2 cells in the main metabolic pathways. (A) Highlight of the lactate methyl group resonance on the 13C-NMR spectra of 48 h culture media incubated with U-13C-cysteine. On the left panel, ES2 cells under normoxia (upper spectra) and under hypoxia (lower spectra); on the right panel, OVCAR3 cells under normoxia (upper spectra) and under hypoxia (lower spectra). (B) Production of lactate by ES2 cells in culture media at different time points (12, 24, 36, and 48 h). (C) Glucose consumption in ES2 and OVCAR3 cells. (D) Resonances areas of the 13C-1H-HSQC projection on 13C spectra normalized by TSP area in the cell extracts. (E) Highlight of 13C-1H-HSQC spectra of the growth media at 48 h incubation in the presence of U-13C-cysteine under normoxia and hypoxia conditions. NC, normoxia with cysteine; HC, hypoxia with cysteine. (B–D) Results are shown as mean ± SD. Assays were performed in biological triplicates.


Furthermore, our results indicated that ES2 cells convert cysteine mainly in GSH (GSH-CYS), lactate (Lac-3) and acetyl-CoA (A-CoA). Small amounts of alanine (Ala3) and glutamate (Glu4) and of other two unidentified compounds (Unk1 and Unk2) were also detected (Figure 6D).

Finally, under normoxia, ES2 cells (ES2 NC) presented cysteine in solution instead of cystine, and produced different unknown compounds, while under hypoxia (ES2 HC) the main compound presented was cystine. In the case of OVCAR3 cells the profile was similar both under normoxia (OVCAR3 NC) and hypoxia (OVCAR3 HC), with cystine being the most representative compound (Figure 6E).



DISCUSSION

In this work, we provide novel data supporting that cysteine promotes sulfur and carbon metabolism reprogramming, underlying the adaptation to hypoxic microenvironment in ovarian cancer cells.

As a solid tumor grows, cancer cells are exposed to regions of hypoxia, long established as a stimulus for tumor progression and resistance to therapy (Vaupel and Mayer, 2007; Semenza, 2012). We have recently proposed that cysteine allows adaptation to hypoxic environments and also contributes to escape from carboplatin-induced death in ovarian cancer cells (Nunes et al., 2018a,b). In here, we aimed to investigate the mechanisms by which cysteine protects ovarian cancer cells under hypoxia, by addressing its role in cellular metabolism, namely through energy production.

Uptake of cystine, the oxidized form of cysteine, is mediated by xCT (solute carrier family 7 member 11 – SLC7A11), a member of the cystine-glutamate transporter xc– system (Sato et al., 2000). Intracellularly, cystine is reduced to cysteine, which is the rate-limiting substrate for GSH synthesis, making xCT pivotal in the cellular redox balance maintenance (reviewed in Conrad and Sato, 2012). Herein, we have shown mitochondrial localization of the xCT transporter concomitant with impaired ATP production triggered by its pharmacological inhibition under hypoxia, thus indicating a role of the xc– system via cystine uptake also in energy production. These data are in accordance with recent findings supporting a role of Nrf2 in the regulation of mitochondrial ATP synthesis (reviewed in Vomund et al., 2017). As a transcription factor, Nrf2 was already reported to regulate the expression of xCT and the activity of the xc– system in response to oxidative stress in human breast cancer cells (Habib et al., 2015).

Cysteine’s role in mitochondrial ATP synthesis might be associated to its non-oxidative metabolism resulting in H2S (via CBS, CSE or MpST) and/or CysSSH (via CARS2) release. H2S is the only inorganic compound presenting a bioenergetic role in mammalian cells’ mitochondria (Goubern et al., 2007), that was already reported to contribute to mitochondrial ATP production through the activity of the enzymes involved in cysteine metabolism: MpST in conjunction with CAT (Módis et al., 2013a,b; Abdollahi Govar et al., 2020; Augsburger et al., 2020), CSE (Fu et al., 2012), and CBS (Bhattacharyya et al., 2013; Szabo et al., 2013). At low concentrations (nM), H2S is known to stimulate mitochondrial bioenergetics by way of different mechanisms: through donation of electron equivalents to the quinol pool via sulfide:quinone oxidoreductase (SQR); by the glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase activation, and by persulfidation of ATP synthase (reviewed in Giuffrè and Vicente, 2018). In addition, Li and Yang (2015) reported a role of CSE/H2S system in enhancing mtDNA replication and cellular bioenergetics both in smooth muscle cells and mouse aorta tissues. In fact, this can be an explanation for the increased number of mitochondria in ES2 cells under hypoxia, as the mitochondrial marker/endogenous control TOMM20 is overexpressed. More recently, Chakraborty et al. (2018) reported a new role of CBS in the regulation of mitochondria morphogenesis, promoting tumor progression in ovarian cancer. Specifically under hypoxia conditions, H2S was reported to decrease reactive oxygen species (ROS), mediated by CBS mitochondrial accumulation (Teng et al., 2013) and induce ATP production, mediated by CSE translocation into the mitochondria (Fu et al., 2012). A different adaptive strategy to hypoxia has been reported by Malagrinò et al. (2019) for the colorectal cancer cell line SW480, which exhibited a lower mitochondrial mass in response to hypoxia, although the mitochondria were enriched in H2S-disposal capacity via increased mitochondrial SQR expression. This increased mitochondrial SQR renders hypoxic SW480 cells more equipped to inject H2S-derived electron equivalents into the mitochondrial electron transfer chain and sustain mitochondrial bioenergetics.

In our study, short (2–16 h) exposure to CBS and CSE inhibitors did not afford significant differences in ATP levels in both cell lines, with the exception of OVCAR3 cells at 2 h under hypoxia with cysteine supplementation in which the inhibitors led to decreased ATP levels (Supplementary Figure 3A). Hence, OVCAR3 cells, under hypoxia, may channel the extra cysteine to degradation, thereby producing H2S and/or CysSSH, and enhancing ATP production. Despite the absent effects at shorter times, the observed increased ATP levels at prolonged (48 h) exposure to CBS and CSE inhibitors indicates that the inhibition of both enzymes allows for compensatory or alternative mechanisms of energy production, probably including CAT/MpST and/or CARS2 activity. Given the fact that both CBS and CSE have been reported to partially relocate to mitochondria in hypoxia (Fu et al., 2012; Teng et al., 2013), available cysteine may be converted in the mitochondria to H2S by CBS, CSE and MpST, or to CysSSH by CARS2. Additionally, cystine can be converted to CysSSH and pyruvate by CBS and CSE. Therefore, whereas excess cysteine may trigger over-production of H2S and/or CysSSH via CBS and CSE to the point they inhibit the mitochondrial electron transfer chain and thereby impair ATP production, in the presence of their inhibitors AOAA and PAG, this inhibitory effect is likely released and ‘safer’ cysteine-degradation mechanisms can be deployed, linked to stimulation of ATP production.

Under hypoxia we did not observe differences in MpST protein levels in both cell lines (Supplementary Figure 3B), although we observed a mitochondrial MpST enrichment compared to the cytosolic content (Supplementary Figure 3C). Given that cysteine is a poor co-substrate for MpST as sulfane sulfur acceptor to generate CysSSH with respect to other possible co-substrates such as thioredoxin, the excess cysteine load imposed on hypoxic cells may push the CAT/MpST system into higher – yet controlled – CysSSH/H2S production. Interestingly, enzymatic studies performed in E. coli showed that a bacterial MpST homolog abrogates oxidative stress via L-cysteine (Mironov et al., 2017). Another hypothesis is that diversion of cysteine for CARS2-mediated generation of CysSSH affords a protective role from cysteine oxidation in oxidative stress triggered by hypoxic conditions, as recently shown by Zivanovic et al. (2019) regarding the cysteine persulfidation prevention of protein cysteine oxidative damage.

Considering the relevance of cysteine in ATP production, our results showed that cysteine metabolism may operate in a more intricate manner than simply increased H2S production and concurrent ATP production. Although some studies showed that NaHS, an exogenous H2S source, was sufficient to increase mitochondrial ATP production under hypoxia (Fu et al., 2012), our results showed that H2S per se was not sufficient to counteract the impaired ATP production driven by sulfasalazine (xCT inhibitor), under hypoxia in both ES2 and OVCAR3 cells. Therefore, our experiments support that cysteine metabolism, dependent on xCT transporter, provides alternative sources for energy production in ovarian cancer cells (Figure 7A).
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FIGURE 7. Cysteine possible direct and indirect roles in ATP synthesis and in carbon metabolism reprogramming under hypoxia in ovarian cancer cells. (A) Under hypoxia, cysteine degradation could contribute directly to ATP production via not only H2S generation, but also via pyruvate and α-ketobutyrate that could further supply the TCA cycle, leading to increased ATP synthesis. Cysteine could also present an indirect role in ATP synthesis mediated by increasing GSH content under hypoxia, hence counteracting oxidative stress and thereby increasing cellular metabolism. Cystine can also be converted into cysteine persulfide (CysSSH) by CSE and CBS in the cytoplasm or by CSE, CBS and CARS2 in the mitochondria. (B) The axis cysteine-pyruvate-glucose is central in whole metabolic network of carbon. Cysteine degradation can originate pyruvate and glutamate. Pyruvate besides being a major supplier of tricarboxylic acids (TCA) cycle, it can be converted into valine, isoleucine, leucine, alanine, lactate, and acetate. Alanine can be a source of glucose through gluconeogenesis. Glycolysis produce intermediates to supply the TCA cycle (a hub for many precursors of organic compounds, such as threonine) and the pentose phosphate pathway (PPP). PPP intermediates can be converted into amino acids such as histidine and can be conjugated with glycolysis intermediates, originating tyrosine, phenylalanine and serine, which can be converted into glycine. PPP is also crucial in the nucleotide’s synthesis. Acetyl-CoA is a central organic compound in metabolism, when cysteine-derived it proves that cysteine is a valuable supplier of TCA cycle and amino acids and fatty acids syntheses. The increased concentration of these compounds under hypoxia, suggests that cysteine is pushing the metabolic flow in order to supply the main carbon metabolic pathways. The direct incorporation of cysteine into these compounds is possible, however, further studies are needed to clarify this. Based on information from www.bioinfo.org.cn.


The synthesis of GSH is another way of cysteine contributing for ATP production. The incorporation of extra cysteine in GSH allows cells to escape from oxidative stress and enables increased cell viability and proliferation, therefore leading to increased ATP synthesis. In fact, our previous data have supported a role of a higher thiols turnover in hypoxia adaptation, especially in ES2 cells (Nunes et al., 2018b). Interestingly, H2S was also reported to increase the production of GSH by inducing the expression of cystine/cysteine transporters and by redistributing GSH to mitochondria in mouse neuronal cell models (Kimura et al., 2010).

Despite the fact that in addition to H2S and CysSSH production, cysteine and cystine catabolism generate pyruvate as well (Wang, 2012; Bonifácio et al., 2020), cysteine is not commonly considered as a carbon source. Herein, we showed that cysteine gives rise to lactate by being firstly converted into pyruvate and alanine, indicating that cysteine could also be used in gluconeogenesis (Figure 7B). Most importantly, cysteine also originates acetyl-CoA, which is a central metabolite, supplying the TCA cycle, fatty acids synthesis and amino acids synthesis. Our study reinforces that cysteine can account for biosynthesis and bioenergetics not only as a sulfur source but also as a carbon donor.

Importantly, Beaufort et al. (2014) characterized 39 ovarian cancer cell lines in order to correlate the cellular and molecular features with their tumorigenic phenotype. In that study, ES2, but not OVCAR3, was included in the most aggressive subset of ovarian cancer cells (Beaufort et al., 2014). In here, our data supported that cysteine orchestration in metabolic remodeling and plasticity can be a crucial phenomenon for more aggressive cancer cells phenotype. Strikingly, 1H-NMR results showed that the metabolic impact of cysteine under hypoxia was much more pronounced in ES2 cells than in OVCAR3 cells, translated by the remarkable number of metabolic pathways that were significantly altered. Therefore, taken together, our results reinforced the role of cysteine as a valuable carbon source, from which cancer cells take advantage on the course of the metabolic rewiring they undergo under hypoxia. In particular, cysteine is a central carbon source for ES2 cells, supporting their redox capacity by supplying GSH synthesis and allowing the maintenance of pivotal biosynthetic and bioenergetic pathways dependent on acetyl-CoA. Furthermore, results suggested that under hypoxia, cysteine allowed to increase the rate of some metabolic pathways in ES2 cells, as increased intracellular levels of several amino acids and other compounds were observed. Regarding OVCAR3 cells, results supported that cysteine impacts differently the cellular needs of amino acids under normoxia and hypoxia. Moreover, when comparing to OVCAR3, results suggest that ES2 cells are better adapted to hypoxia and to the use of cysteine to overcome the hypoxic stress, as seen by the higher number of metabolic pathways that were significantly altered by cysteine under hypoxia.

Interestingly, while cysteine was able to rescue the impaired ATP synthesis triggered by xCT inhibition, it was not able to increase ATP synthesis upon β-oxidation and glycolysis inhibition (Supplementary Figure 3D), indicating that cysteine is not enough to replace the contribution of these pathways for ATP production.

Together, the results support that ES2 and OVCAR3 cells use cysteine differently in order to cope with hypoxia, where cysteine especially impacts hypoxic ES2 cells metabolic features, enhancing the metabolic reprogramming. In Figure 7, we present the possible direct and indirect pathways in which cysteine can be a metabolic coin, promoting ATP production in hypoxic ovarian cancer cells. The profound metabolic impact that cysteine showed under hypoxia in ES2 cells suggests a strong remodeling of the carbon metabolism.

This work lights again that disturbing cysteine metabolic network can be a promising tool not only in ovarian cancer but also in all cancer models that rely their survival on cysteine bioavailability and metabolic versatility.
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Breast cancer is the most common malignancy in women worldwide and is associated with high mortality rates despite the continuously advancing treatment strategies. Glucose is essential for cancer cell metabolism owing to the Warburg effect. During the process of glucose metabolism, various glycolytic metabolites, such as serine and glycine metabolites, are produced and other metabolic pathways, such as the pentose phosphate pathway (PPP), are associated with the process. Glucose is transported into the cell by glucose transporters, such as GLUT. Breast cancer shows high expressions of glucose metabolism-related enzymes and GLUT, which are also related to breast cancer prognosis. Triple negative breast cancer (TNBC), which is a high-grade breast cancer, is especially dependent on glucose metabolism. Breast cancer also harbors various stromal cells such as cancer-associated fibroblasts and immune cells as tumor microenvironment, and there exists a metabolic interaction between these stromal cells and breast cancer cells as explained by the reverse Warburg effect. Breast cancer is heterogeneous, and, consequently, its metabolic status is also diverse, which is especially affected by the molecular subtype, progression stage, and metastatic site. In this review, we will focus on glucose metabolism and glucose transporters in breast cancer, and we will additionally discuss their potential applications as cancer imaging tracers and treatment targets.
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INTRODUCTION

Breast cancer is the most common malignancy in women worldwide, and ranks top in the cause of death in female cancers worldwide (Bray et al., 2018). A total of 2.1 million women were newly diagnosed with breast cancer in 2018, and 627,000 women died of breast cancer (Bray et al., 2018). Breast cancer is increasing in underdeveloped and developing countries, and it is decreasing in developed countries since the early 2000s (Rossouw et al., 2002; Bray et al., 2004; DeSantis et al., 2015). Breast cancer presents with diverse characteristics. To categorize such diverse features of breast cancer, molecular subtypes have been developed: luminal A, luminal B, HER-2, and basal-like type. Moreover, estrogen receptor (ER), progesterone receptor (PR), and HER-2 are the main targets for targeted therapy in breast cancer, and samples/cases that are negative for these three receptors are defined as triple negative breast cancer (TNBC), which comprises about 15% of breast cancer cases. Each of the molecular subtypes of breast cancer and TNBC shows distinct clinical and molecular features in treatment response. Generally, breast cancer is treated with surgery, chemo-radiotherapy, and targeted therapy for biomarkers. Breast cancer showing hormone receptor expressions is treated with hormonal therapy such as tamoxifen, and breast cancer showing HER-2 amplification is treated with targeted therapy such as trastuzumab. Those that do not have any treatment targets are treated with a non-specific chemotherapy.

One of the fundamental characteristics of cancer cells that differs from normal cells is metabolic reprogramming—producing energy through glycolysis rather than mitochondrial oxidative phosphorylation, which is known as the Warburg effect after the German scientist Otto Warburg who first described it in the 1950s. The Warburg effect was first described in the 1950s by Otto Warburg, a German scientist, who stated that cancer cells secrete high levels of lactate because of an increase in glycolysis (Warburg, 1956). In the process of glycolysis, which is one of the main processes of glucose metabolism, glucose can enter cancer cells by glucose transporters. As a result, various glucose metabolites are produced that are related to diverse metabolic pathways, such as the serine/glycine metabolic pathway and pentose phosphate pathway (PPP). These glucose metabolic pathways and glucose transporters have pivotal roles in cancer metabolism as well as in cancer progression and metastasis, and such metabolic characteristics can be used in imaging diagnosis and targeted therapies. This review will focus on the glucose metabolic pathways, such as glycolysis, serine/glycine pathway, and PPP, in breast cancer and glucose transporters used in glycolysis and their potential implications in clinical practice.



GENERAL ASPECTS OF GLUCOSE METABOLISM AND RELATED METABOLIC PATHWAYS IN CANCER

Glucose metabolism consists of glycolysis and PPP, and glycolysis-related metabolic pathways consist of serine and glycine metabolism (Figure 1). A major pathway in the glucose metabolism of cancer cells is aerobic glycolysis, in the process of which glucose is first transported into the cancer cells by glucose transporters and then metabolized to pyruvate by various enzymes. Many enzymes are involved in this process, of which, the key enzymes are hexokinase II (HKII), phosphofructokinase (PFK), and pyruvate kinase (PK) (Li et al., 2015). Pyruvates produced in glycolysis are then moved into the mitochondria by mitochondrial pyruvate carriers 1 and 2, where they are turned into acetyl-CoA and oxaloacetate by pyruvate dehydrogenase and pyruvate carboxylase, respectively, to enter the TCA cycle for oxidative phosphorylation (OXPHOS) (Corbet and Feron, 2017). With one of the intermediate metabolites produced during the process of glycolysis, 3-phosphoglycerate (3PG), starts the serine pathway, in which 3-phosphoglycerate (3PG) is oxidized to 3-phosphohydroxypyruvate (pPYR) by phosphoglycerate dehydrogenase (PHGDH) and pPYR is transaminated to phosphoserine (pSER) by phosphoserine aminotransferase (PSAT). pSER is dephosphorylated to serine by phosphoserine phosphatase. In glycine metabolism, glycine is metabolized to H-protein-S-aminomethyldihydrolipoyllysine by glycine decarboxylase (GLDC), an important component of the glycine cleavage system. This serine metabolism and glycine metabolism are linked by serine hydroxymethyltransferse (SHMT), which causes a reversible conversion of serine and glycine (Locasale, 2013). Lastly, PPP is a metabolic pathway that occurs with glycolysis (Ramos-Martinez, 2017), playing a pivotal role in cell survival and growth by providing pentose phosphate for nucleic acid synthesis and also nicotinamide adenine dinucleotide phosphate (NADPH) for fatty acid synthesis and cell survival (Patra and Hay, 2014). PPP is comprised of two branches, the oxidative branch and non-oxidative branch. The oxidative branch converts glucose 6-phosphate (G6P) to ribulose-5-phosphate, CO2, and NADPH (Kruger and von Schaewen, 2003), and the non-oxidative branch produces glycolytic intermediates, such as fructose 6-phosphate (F6P), glyceraldehyde 3-phosphate (G3P), and sedoheptulose. These glycolytic intermediates are important for amino acid synthesis and produce ribose-5-phosphate (R5P) that is also important for nucleic acid synthesis (Stincone et al., 2015). Enzymes that are involved in the oxidative branch are 6-phosphogluconate dehydrogenase (6PGD) and glucose 6-phosphate dehydrogenase (G6PD), and those that are involved in the non-oxidative branch are ribulose-5-phosphate epimerase (RPE), ribose 5-phosphate isomerase (RPI), transaldolase (TALDO), and transketolase (TKT).
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FIGURE 1. Overview of glucose metabolism in cancer cells. Glucose metabolism in tumor cells consists of three main types: glycolysis, the pentose phosphate pathway (PPP), and the serine/glycine pathway. First, in glycolysis, glucose influx occurs in the cell by glucose transporter GLUT1. Using HK2, PFK, and PKM2, glucose becomes pyruvate and is eventually converted to lactate by LDHA. PPP comprises an oxidative branch and a non-oxidative branch, where glucose 6-phosphate is converted to 6-phosphogluconolactone and then ribulose-5-phosphate by 6PGD and G6PD. The non-oxidative branch produces xylulose-5-phosphate by RPE and ribose-5-phosphate by RPI, and then produces fructose 6-phosphate, glyceraldehyde 3-phosphate, sedoheptulose- 7-phosphate, and erythrose-4-phosphate by TKT and TALDO through complex interchangeable reactions. The serine pathway starts with 3-phosphoglycerate, which is converted to phosphohydroxypyruvate by PHGDH, which is converted to 3-phosphoserine by PSAT1, and 3-phosphoserine is converted to serine by PSPH. In addition, glycine is converted by GLDC to H-protein-S-aminomethyldihydrolipoyllysine in glycine metabolism, which is linked to serine metabolism by SHMT in the form of reversible conversion. HK2, hexokinase II; PFK, phosphofructokinase; PKM2, pyruvate kinase isozymes M2; LDHA, lactate dehydrogenase A; G6PD, glucose 6-phosphate dehydrogenase; 6PGD, 6-phosphogluconate dehydrogenase; RPE, ribulose-5-phosphate epimerase; RPI, ribose 5-phosphate isomerase; TKT, transketolase; TALDO, transaldolase; PHGDH, phosphoglycerate dehydrogenase; PSAT1, phosphohydroxythreonine aminotransferase; PSPH, phosphoserine phosphatase; SHMT, serine hydroxymethyltransferase; GLDC, glycine decarboxylase.


Cancer cells produce a high level of reactive oxygen species (ROS) compared to normal cells due to the increased activation of various metabolic pathways (Ahmad et al., 2005). Cancer cell metabolism is closely related to ROS homeostasis; they cause ROS detoxifications by using various substrates and metabolic intermediates in metabolic pathways, the most representative of which are glycolysis by the Warburg effect and PPP (Aykin-Burns et al., 2009). Glycolysis by the Warburg effect maintains redox homeostasis by being independent of mitochondrial OXPHOS that produces a large amount of ROS (Lee and Yoon, 2015), and PPP by producing ROS-detoxifying molecule, NADPH, by G6PD and 6-Phosphogluconate dehydrogenase (6PGDH) (Salazar, 2018).

Molecules involved in the regulation of glucose metabolism in cancer in general are oncogenes such as Ras, Src, and MYC, transcription factors such as hypoxia-inducible factor-1 (HIF-1), signaling pathway such as phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR), and tumor suppressor such as p53. Oncogenes such as Ras, Src, and MYC increase the expression of HIF-1 that increases the expression of various glycolytic enzymes, and HIF-1, MYC, and KRAS increase glucose uptake by inducing GLUT expression. In addition, the PI3K/Akt/mTOR pathway induces glycolytic enzymes and GLUT expression, and p53 regulates glycolysis and GLUT through mTOR and AMP-activated protein kinase (AMPK) (Abdel-Wahab et al., 2019; Ghanavat et al., 2021).



GLUCOSE TRANSPORTERS IN GLYCOLYSIS

There are two families of glucose transporters: facilitative sugar transporters (GLUT, gene family name SLC2A) and Na+/glucose co-transporters (SGLT, gene family name solute carrier SLC5A). Additionally found families of glucose transporters are the Sugars Will Eventually be Exported Transporters (SWEET; SLC50) family and the Spinter protein (SLC63) family. SLC50 is a Na (+)/substrate co-transporter involved in the transport of glucose, myoinositol, and anions and located in the plasma membrane. SGLT1 (SLC5A1) and SGLT2 (SLC5A2) are important in glucose uptake with the former expressed mainly in the intestine and the latter in the kidney (Wright, 2013). GLUT has 14 isoforms that share structural features, such as 12 transmembrane domains, amino terminus, carboxy-terminus, and an N-glycosylation site. GLUTs can be subgrouped into three classes: class I (GLUT1–4 and GLUT14), class II (GLUT5, 7, 9, and 11), and class III (GLUT6, 8, 10, 12, and 13). Class I and class II GLUTs are called odd transporters, whereas class III GLUTs are called even transporters (Mueckler and Thorens, 2013). Except for GLUT13, which is a proton-driven myoinositol transporter, all GLUTs are facilitative transporters. These GLUT isoforms differ in the tissue type in which they are present, their location within the cells, cohesiveness with substrates, and control mechanism (Mueckler and Thorens, 2013). For instance, GLUT1 and GLUT3 are found in the brain, where they function mainly in glucose transport (Leino et al., 1997; Yeh et al., 2008), whereas GLUT3–5 and GLUT10–11 are found in the muscle (Bilan et al., 1992; McVie-Wylie et al., 2001; Rogers et al., 2002; Douard and Ferraris, 2008). Glucose is an important substrate for GLUT, but GLUT can also transport other substrates such as galactose, mannose, glucosamine, dehydroacetic acid, fructose, urate, and myo-inositol (Barron et al., 2016; Holman, 2020).



GLUCOSE METABOLISM AND GLYCOLYSIS-RELATED METABOLIC PATHWAYS IN BREAST CANCER

Cancer cells harbor a metabolic shift to aerobic glycolysis that plays an important role in tumor growth, progression, and metastasis; therefore, glucose metabolism and glycolysis-related metabolic pathways can have a diverse impact on cancer cells in breast cancer.


Expression of Glycolysis-Related Enzymes and GLUTs in Breast Cancer

Breast cancer shows an increased expression of glycolysis-related enzymes, namely, HKII (Brown et al., 2002; Yang T. et al., 2018), 6-phosphofructo-2-kinase/fructose-2, 6-biphosphatase 3 (PFKFB3) (O’Neal et al., 2016), and pyruvate kinase M2 (PKM2) (Lin et al., 2015). In primary breast cancer, HKII is overexpressed in about 79% of tumors (Brown et al., 2002), which has been correlated with an increased histologic grade and proliferative activity (Sato-Tadano et al., 2013). The expression of 6-phosphofructo-2-kinase/fructose-2, 6-biphosphatase 3 activates PFK-1, a key enzyme in glycolysis (Okar et al., 2001), and is correlated with HER-2 expression and poor prognosis (O’Neal et al., 2016; Peng et al., 2018). Additionally, 6-phosphofructo-2-kinase/fructose-2, 6-biphosphatase 3 expression is related to the expression of vascular endothelial growth factor (VEGF)-α in breast cancer, which contributes to angiogenesis and distant metastasis (Peng et al., 2018). PFK-2 is a muscle isoform M2 of PK, a key enzyme in glycolysis, and its expression is correlated with a poor prognosis in breast cancer (Lin et al., 2015). Lactates produced by glycolysis are transported in and out of cells by monocarboxylate transporter (MCT) (Wilde et al., 2017). MCT1 overexpression in breast cancer is correlated with ER negativity, PR negativity, high Ki-67 labeling index (Li et al., 2018), basal-like type (Pinheiro et al., 2010), high grade, high stage, increased recurrence, and poor prognosis (Johnson et al., 2017). As for MCT4, tumoral MCT4 expression (Li et al., 2018) and stromal MCT4 expression (Baenke et al., 2015) are associated with poor prognosis.

Breast cancer has been reported to have an increased expression of GLUT1–6 and 12 (Table 1; Barron et al., 2016), and the most important glucose transporter for glucose uptake in breast cancer is GLUT1 (Grover-McKay et al., 1998; López-Lázaro, 2008; Furuta et al., 2010; Wuest et al., 2018). Glucose uptake by GLUT1 is important in the carcinomatous transformation and carcinogenesis of breast cancer, and it plays an important role in the early phase of breast cancer development (Young et al., 2011; Wellberg et al., 2016). GLUT1 overexpression in breast cancer is correlated with high histologic grade, high proliferative activity, poor differentiation, and poor prognosis (Pinheiro et al., 2011; Krzeslak et al., 2012). GLUT4 is an insulin-stimulated glucose transporter (Vargas et al., 2021), and glucose uptake is dependent on insulin stimulation in cancer cell lines (Harmon and Patel, 2004; Moreira et al., 2013; Guedes et al., 2016). It has also been reported that hyperinsulinemia increases the risk of breast cancer irrespective of the body mass index (BMI) (Lawlor et al., 2004; Kabat et al., 2009; Gunter et al., 2015), and so it can be postulated that insulin is associated with breast cancer. Cross-talks between signaling pathways regulated by 17 beta-estradiol (E2) and insulin-like growth factor (IGF) (Bruning et al., 1992; Conover et al., 1992), strong mitogen for cancer cells (Beckwith and Yee, 2014), and actions through ER-signaling (Katzenellenbogen and Norman, 1990) are some possible mechanisms associated with the insulin effect on breast cancer.


TABLE 1. GLUT expressed in breast cancer.
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Overexpression of glycolysis-related enzymes and GLUTs in breast cancer is due to the activation of the signaling pathways controlling the enzyme expression in breast cancer (Figure 2). The main molecular pathways involved in the control of aerobic glycolysis are the PI3K/AKT, AMP-activated protein kinase (AMPK), mitogen-activated protein kinase, Wnt, and mTOR pathways (Engelman et al., 2006; Han et al., 2015; Cai et al., 2018; Hibdon et al., 2019; Irey et al., 2019). Among these, the PI3K/AKT, AMPK, and mTOR pathways are activated in breast cancer. PI3K/AKT activates phosphofructokinase-2 (PFK-2) by phosphorylation (Novellasdemunt et al., 2013; Lee et al., 2018). PI3K/AKT pathway activation leads to GLUT1 overexpression, which is then translocated from the cytoplasm to the plasma membrane (Samih et al., 2000). AKT is activated by E2, thus increasing the glucose uptake in MCF-7 breast cancer cell line through translocation of GLUT4 to the plasma membrane (Garrido et al., 2013). PIK3CA and AKT1 gene mutations are common in breast cancer (Castaneda et al., 2010; Koboldt et al., 2012), and PIK3CA mutation is usually found in ER-positive and HER-2 positive breast cancer. AMPK translocates GLUT4 to the cytoplasmic membrane by activating PFK-2 (Marsin et al., 2000) and increases GLUT1 expression (Barnes et al., 2002). AMPK is highly expressed in TNBC and known to be associated with poor prognosis (Huang et al., 2016). mTOR is a downstream effector of AKT, comprising mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) (Hara et al., 2002; Vivanco and Sawyers, 2002; Baretić and Williams, 2014). mTORC1 promotes the transition from OXPHOS to glycolysis and increases the expression of HIF-1α, which in turn increases the expression of glycolysis-related enzymes such as PFK (Düvel et al., 2010). mTORC2 promotes glycolysis by activating AKT (García-Martínez and Alessi, 2008; Ikenoue et al., 2008; Cybulski and Hall, 2009) and GLUT1-related glucose uptake (Beg et al., 2017). mTOR is activated in breast cancer through HER-2 overexpression, PI3K pathway alteration, and mTOR mutation (Hare and Harvey, 2017). Second, the increased expression of glycolysis-related enzymes in breast cancer is because of the activation of transcription factors (Figure 2). The transcription factors associated with glycolysis are c-myc, p53, and HIF-1. c-myc is responsible for increasing the gene expression of glycolysis-related genes and, consequently, glycolysis-related enzymes, such as GLUT, HK, and PFK (Hsieh et al., 2015). Moreover, estrogen is responsible for the increased expression of c-myc, and about 80% of breast cancers are ER-positive (Butt et al., 2008). p53 is a well-known tumor suppressor, gene mutations of which are found in most cancers including breast cancer. p53 mutation is found in about 20%–30% of breast cancers and more often in ER-negative breast cancer. p53 suppresses phosphoglycerate mutase (PGM), GLUT1, GLUT3, and GLUT4 expression (Kawauchi et al., 2008; Vousden and Ryan, 2009); hence, p53 mutation leads to an increased glycolysis in breast cancer. Lastly, the transcription factor HIF-1α, which is activated by hypoxia, is an important regulator in glycolysis and increases the expression of glycolysis-related molecules, such as HKII, PFK-1, lactate dehydrogenase (LDH) A, GLUT-1, and GLUT-3. HIF-1α promotes the metabolic shift to glycolysis by suppressing the mitochondrial function through the activation of pyruvate dehydrogenase kinase 1 (PKD1) and MAX interactor 1 (MXI1) (Denko, 2008). HIF-1α overexpression has been reported in breast cancer (Zhong et al., 1999), and it is attributed to the increased expression of glycolysis-related proteins in breast cancer because HIF-1α overexpression is related to HER-2 positivity (Giatromanolaki et al., 2004) and TNBC (Jin et al., 2016).
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FIGURE 2. Regulation of glycolysis and glucose transporters in breast cancer. Important signaling pathways regulating glycolysis and glucose transporters in breast cancer are the PI3K/AKT, AMPK, and mTOR pathways. PI3K/AKT pathway activated by 17-estradiol (E2) or genetic mutations increases expression of PFK2 and GLUT. AMPK pathway activated in breast cancer transports GLUT4 to cell membrane through activation of PFK-2 and increases GLUT expression. mTORC1 among the mTOR complex increases the expression of PFK by activating HIF-1α. mTORC2 either activates AKT or increases GLUT1 expression. Transcription factors regulating glucose metabolism in breast cancer are c-myc, p53, and HIF-1α. As such, breast cancer with p53 mutation shows increased expression of GLUT because c-myc induces increased expression of GLUT, HK, and PFK, and p53 suppresses expression of GLUT. Lastly, activated HIF-1α increases expressions of HK, PFK, LDHA, and GLUT, and suppresses mitochondrial function by activating PKD1 and MXII. PI3K, phosphoinositide 3-kinase; AKT, Ak strain transforming protein kinase B; AMPK, AMP-activated protein kinase; mTOR, mechanistic target of rapamycins; PFK, phosphofructokinase; HIF, hypoxia-inducible factor; HK, hexokinase; LDHA, lactate dehydrogenase A; PKD1, pyruvate dehydrogenase kinase 1; MXI1, MAX interactor 1.


Breast cancer is susceptible to sex hormones such as estrogen, which may have an effect on the regulation of glucose metabolism. E2 and ERα stimulation activates the MAPK pathway (Ronda et al., 2010a, b), regulates expression of GLUT4 (Barros et al., 2006, 2008), and increases glucose uptake (Niu et al., 2003; Gorres et al., 2011). Furthermore, E2 activates the PI3K pathway that is involved in glucose metabolism in breast cancer cells (Simoncini et al., 2000; Lee et al., 2005), and suppresses phosphatase and tensin homolog (PTEN), a phosphatidylinositol-3 kinase inhibitory protein (Noh et al., 2011).


Expression of Glycolysis-Related Enzymes and GLUTs in TNBC

Triple negative breast cancer is defined as breast cancer that is negative for ER, PR, and HER-2 and accounts for about 15% of breast cancer cases. Basal-like breast cancer (BLBC) is defined as those that have high expressions of basal genes in gene expression studies such as DNA microarray. Therefore, TNBC and BLBC are not the same in the strict sense of definitions (Carey et al., 2010), although they can overlap in many instances. TNBC is a heterogeneous group, and many researches have focused on the subgrouping of TNBC. Lehmann et al. (2011) have grouped TNBC further into basal-like1, basal-like2, mesenchymal, and luminal androgen receptor, and Burstein et al. (2015) have grouped TNBC further into basal-like immune-activated, basal-like immune suppressed, mesenchymal, and luminal androgen receptor. The general characteristics of TNBC include the histological characteristics of high grade, high proposition index, and tumor necrosis, and clinical characteristics of higher rate of metastasis and poor prognosis (Kumar and Aggarwal, 2016; Borri and Granaglia, 2020). With these histological and clinical features, TNBC can be postulated to be of high metabolic status. One of the important metabolic features of TNBC is high glucose uptake, and GLUT1 overexpression is seen in TNBC (Hussein et al., 2011; Oh et al., 2017). High expression of glycolysis-related enzymes, such as HK2 (Jiang S. et al., 2012), PKM2 (Christofk et al., 2008; Ma et al., 2019), and LDH (McCleland et al., 2012; Huang et al., 2016; Dong et al., 2017), and that of lactate transporters MCT1 and MCT4 have also been reported in TNBC (Pinheiro et al., 2010; McCleland et al., 2012; Doyen et al., 2014). The high expression of glycolysis-related proteins in TNBC is owing to the fact that the glycolysis regulatory factors, such as HIF-1 (Lin et al., 2016; De Blasio et al., 2020), c-myc (Palaskas et al., 2011; Shen et al., 2015), and EGF signaling (Avanzato et al., 2018), are promoted in TNBC. Therefore, TNBC cells are much more dependent on glucose metabolism than non-TNBC cells (MCF-7) (Robey et al., 2005), and GLUT1 inhibition shows a more anti-proliferative effect for TNBC cells than non-TNBC cells (MCF-7) (Yang et al., 2021).




Non-glycolysis Glucose Metabolism Pathway in Breast Cancer

In glucose metabolism, non-glycolysis metabolic pathways, such as the serine/glycine metabolic pathway and PPP, play important roles in breast cancer. The expression of serine/glycine metabolic pathway-related proteins in breast cancer differs depending on the breast cancer molecular subtype. Serine metabolic pathway-related proteins were highly expressed in TNBC (Labuschagne et al., 2014), and glycine metabolic pathway-related proteins were highly expressed in HER-2 type breast cancer (Kim S. K. et al., 2014). The basal-like type also showed a higher expression of serine/glycine metabolic pathway-related proteins among the TNBC subtypes (Noh et al., 2014). Analysis using the cBioPortal TCGA Pan-Cancer Atlas shows PHGDH amplification in approximately 2.2% of breast cancers (Geeraerts et al., 2021a). PHGDH expression is observed frequently in ER-negative breast cancer (Possemato et al., 2011), and increased PHGDH expression in breast cancer is associated with poor prognosis (Locasale et al., 2011; Possemato et al., 2011). Similarly, phosphoserine aminotransferase 1 (PSAT1) is more frequently expressed in ER-negative breast cancer and is associated with poor prognosis (Gao et al., 2017). Serine hydroxymethyltransferase 2 expression level is associated with the histologic grade of breast cancer (Yin, 2015).

High expression of PPP-related enzymes, such as 6PGD (Yang X. et al., 2018) and TKT (Benito et al., 2017; Yang X. et al., 2018), is reported in breast cancer. G6PD, one of the PPP-related enzymes, is associated with the molecular subtype of breast cancer, and G6PD overexpression is associated with poor prognosis of breast cancer (Pu et al., 2015; Dong et al., 2016). 6PGDH expression is high in TNBC, and the expression of G6PDH and 6PGL are high in HER-2 type (Choi et al., 2018b). The expression of G6PDH is also the highest in brain metastasis among metastatic breast cancers (Cha et al., 2017). The expression of TKT is associated with tumor size and high TKT expression is associated with poor prognosis in a mouse model of breast cancer (Tseng et al., 2018). Increased PPP flux by G6PD and HK2 enhancement induces tamoxifen resistance in breast cancer (Wang et al., 2016). An increase in HK2 transcription by the yes-associated protein (YAP) axis also promotes the migration of breast cancer cells (Tseng et al., 2018).



Glucose Metabolism in the Tumor Microenvironment of Breast Cancer

Breast cancer is one of those tumors that harbors tumor stroma, the main cell components of which include cancer-associated fibroblasts (CAFs), cancer-associated adipocytes (CAAs), and immune cells. These stromal cells affect the development, progression, and metastasis of breast cancer through various interactions with breast cancer cells (Mao et al., 2013; Soysal et al., 2015; Choi et al., 2018a; Mittal et al., 2018; Wu et al., 2019b). Thus, metabolic interactions are present between breast cancer cells and stromal cells (Figure 3), and glucose metabolism in tumor stromal cells is suggested in the reverse Warburg effect. According to the reverse Warburg effect, aerobic glycolysis occurs in CAFs that are present in the breast cancer stroma. In brief, the reverse Warburg theory describes the glycolysis that occurs in CAFs by ROS, HIF1A, and nuclear factor-κB (NF-κB), resulting in lactate being released from CAFs by MCT4, which is then transported into the tumor cells by MCT1 in breast cancer, creating energy by mitochondrial OXPHOS (Pavlides et al., 2009; Fu et al., 2017; Wilde et al., 2017). Lactate produced by CAFs is transported into the tumor cells as potent nutrients for the TCA cycle, and this lactate can be an important source of energy for cancer cells because lactate is the primary source of carbon for the TCA cycle among circulating metabolites (Hui et al., 2017; Martínez-Reyes and Chandel, 2017). In co-cultural studies of breast cancer cell lines and fibroblasts and studies of human breast cancer tissue, MCT4 was expressed in CAFs, whereas MCT1 was expressed in tumor cells (Whitaker-Menezes et al., 2011; Witkiewicz et al., 2012; Johnson et al., 2017). In a co-cultural study of MCF7 breast cancer cells and normal fibroblasts, culture of MCF7 breast cancer cells alone or fibroblasts alone did not exhibit MCT4 expression, whereas co-culture of MCF7 breast cancer cells and fibroblasts showed MCT4 expression in CAFs. The co-culture with fibroblasts showed MCT1 upregulation in MCF7 breast cancer cells (Whitaker-Menezes et al., 2011). Breast CAFs showed higher expressions of GLUT1 and PDK1 than normal fibroblasts (Pasanen et al., 2016), and the co-cultural study of breast cancer cells and fibroblasts showed an increase in glycolysis and glucose transporter-related genes in CAFs (Ueno et al., 2015). The reverse Warburg effect is not only observed between cancer cells and CAFs but also between hypoxic and oxygenated cancer cells (Sonveaux et al., 2008; Doherty and Cleveland, 2013).


[image: image]

FIGURE 3. Glucose metabolic interaction between breast cancer cells and stromal cells. The glucose metabolic interaction between the breast cancer cell and CAF is presented as the reverse Warburg effect, where mitochondrial dysfunction results in a decrease in caveolin-1 levels because of increased autophagy, and an increase in glycolysis occurs by enhanced HIF-1α and NF-κB in CAF. Lactate produced by glycolysis is transferred to cancer cells by MCT4 in CAF and MCT1 in cancer cells, which is converted to pyruvate and used as a material for mitochondrial OXPHOS. ROS produced by the OXPHOS process cause an increase in HIF-1α and NF-κB in CAF. TAM, one of the immune cells of breast cancer stroma, shows increased glycolysis because of the increased GLUT1 and HK2 activity by enhanced HIF-1α expression; therefore, TAM can compete with cancer cells for glucose. G protein-coupled receptor 132 (Gpr132) senses the lactate produced by glycolysis to convert the macrophage to an M2-like phenotype, which promotes cancer cell adaptation, migration, and invasion. HIF-1α-stabilizing long non-coding RNA (HISLA) is transferred from TAM to breast cancer cells through extracellular vesicle transmission, and then, HISLA promotes glycolysis in breast cancer cells. Breast cancer cells have a metabolic switch that controls glycolysis and OXPHOS depending on the circumstances. CAF, cancer-associated fibroblast; HIF, hypoxia-inducible factor; MCT, monocarboxylate transporter; OXPHOS, oxidative phosphorylation; HK, hexokinase; ROS, reactive oxygen species; TAM, tumor-associated macrophage.


One type of immune cells in the tumor stroma is tumor-associated macrophages (TAMs) that inhibit antitumor immunity in breast cancer, resulting in tumor progression. In general, TAMs exhibit properties of M2 macrophages (Mantovani et al., 2002; Hollmén et al., 2015), and TAMs in hypoxic tumor regions express HIF-1 (Burke et al., 2003), which controls the expression of glycolysis-related genes, including GLUT1, HK2, PFFB3, and PGK1 (Semenza et al., 1994). Therefore, TAMs in hypoxic tumor environments may utilize glycolysis. In addition, lactate generated in the glycolysis process is an important metabolite, which activates M2 macrophages (Colegio et al., 2014; Chen P. et al., 2017; Mu et al., 2018). In a co-culture study of breast cancer cells and macrophages, G protein-coupled receptor 132 (Gpr132) senses lactate in the tumor environment to transform macrophages into M2-like phenotypes to promote cancer cell adherence, migration, and invasion (Chen P. et al., 2017). In addition, HIF-1α-stabilizing long non-coding RNA (HISLA) is transferred from TAMs to breast cancer cells via extracurricular vessel transmission, which increases glycolysis in breast cancer cells (Chen et al., 2019).




IMPACT OF GLUCOSE METABOLISM AND GLUCOSE TRANSPORTERS ON BREAST CANCER BIOLOGY AND THE RESPONSE TO TREATMENT

First, the proliferation of tumor cells requires a lot of energy and a variety of materials are needed to create new tumor cells, which is also true for breast cancer cells. Therefore, glucose metabolism and glucose transporters, which provide energy sources for breast cancer, and PPP, which provides the materials needed for the synthesis of nucleotides, lipids, and non-essential amino acids, play important roles in breast cancer proliferation. Second, glucose metabolism affects the maintenance of epithelial-mesenchymal transition (EMT) and cancer stem cell (CSC) phenotype in breast cancer. Increased glycolysis and PPP by epigenetic silencing of fructose-1,6-biphosphatase can increase NADPH and reduce ROS levels, which enhance EMT and CSC phenotype in basal-like breast cancer (Dong et al., 2013; Schieber and Chandel, 2013). In a breast cancer cell line study, high glucose levels increased glycolytic enzyme, motor protein, and NF-κB levels and glucose uptake, and reduced actin, resulting in EMT phenotype activation (Santos and Hussain, 2020). In addition, HIF-1 activation by hypoxia maintains ROS homeostasis through the glycolytic pathway and serine synthesis pathway, which is important for breast CSC induction (Semenza, 2017). Moreover, glucose metabolism is associated with treatment resistance in breast cancer, where induced glycolysis is observed by AKT/mTOR/HIF-1α axis activation in tamoxifen resistant breast cancer cells, and when HKII is inhibited, tamoxifen sensitivity is recovered (Woo et al., 2015). Increased glycolysis is observed in trastuzumab resistant breast cancer cells, and glycolytic inhibition reduces trastuzumab resistance (Zhao et al., 2011). The expression of PFK-2 is linked to the responsiveness of anticancer drugs such as epirubicin and 5-fluorouacil in breast cancer cells (Benesch et al., 2010; Lin et al., 2015). Chemoresistant TNBC cells exhibit increased glycolysis and lactate permutation (Zhou et al., 2010), and PHGDH expression correlates with the responsiveness of chemotherapy in TNBC cells (Samanta et al., 2016). GLUT is associated with breast cancer metastasis; a proteomic analysis of MDA-MB-231 (metastatic breast cancer cell line) and MCF-10A (normal breast epithelial cell line) showed that one of the three strongest breast cancer-related proteins was GLUT1 (Risha et al., 2020). The GLUT expression showed a difference according to the metastatic sites, and the expression of GLUT1 was the highest in brain metastasis (Kim H. M. et al., 2014). Additionally, GLUT12 plays an important role in tumor growth and metastasis through aerobic glycolysis in TNBC (Shi et al., 2020).



CLINICAL APPLICATION OF GLUCOSE TRANSPORTERS AND GLUCOSE METABOLISM IN BREAST CANCER

As we have seen earlier, glucose transporter expression is high in breast cancer, and glucose metabolism is carried through the glycolytic, serine/glycine, and PPPs that play important roles in tumor growth and progression. Therefore, they may have a variety of clinical applications, especially in imaging diagnosis and targeted therapy.


Imaging Diagnosis

Positron emission tomography (PET) using 18F-fluorodeoxy glucose (FDG), a radioactive analog of glucose, is the representative functional imaging technique based on the principle that tumor cells uptake large amounts of glucose by GLUT via the Warburg effect. These PETs are used for tumor staging and treatment response monitoring (Bohndiek and Brindle, 2010). These FDG-PET/CTs are also useful for diagnosis, staging, and treatment evaluation in breast cancer (Groheux et al., 2016; Caresia Aroztegui et al., 2017; Paydary et al., 2019). In addition to FDG-PET/CT, functional imaging based on glucose metabolism can be performed using magnetic resistance spectroscopy (MRS). Multiple metabolites can be simultaneously identified in tumor tissues using MRS, which can analyze labeling patterns using stable isotopic traces, and glucose metabolites can be analyzed using 13C-MRS and [13C]-labeled glucose to image the glycolysis status. MRS can perform effective metabolic monitoring in breast cancer (Rivenzon-Segal et al., 2002). Breast cancer with different 13C-MRS expression patterns show a different glucose metabolism (Grinde et al., 2011). A high-resolution magic angle spinning MRS analysis of metabolites in breast cancer, such as β-glucose, lactate, and glycine, shows good prognosis with reduced concentrations of glycine. The concentration of β-glucose shows a negative correlation with proliferation index (MIB-1), indicating that MR metabolite analysis is valuable in breast cancer prognostication (Sitter et al., 2010).



Therapeutic Target of Glucose Metabolism and Glucose Transporters

The expression of glucose transporters and glucose metabolic enzymes in breast cancer is high; thus, their inhibition can serve as an effective treatment strategy against breast cancer (Figure 4). Various preclinical and clinical studies have been conducted to investigate this implication.
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FIGURE 4. Candidate drugs for the inhibition of glucose metabolism and glucose transporters in breast cancer. Inhibitors for GLUT1 involved in glucose influx in glycolysis include WZB117, SFT-31, BAY-876, anti-GLUT1 antibody, and polyphenols such as resveratrol, hesperetin, quercetin, glabridin, EGCG, cantharidin, kudingcha, and vitamin D3. 2-DG competes with glucose for binding GLUT1. Enzyme inhibitors for HK2 involved in glycolysis include 3-BrPA and methyl jasmonate, and resveratrol as PKF inhibitors; cyclosporine A as PKM2 inhibitor; and oxamate, gossypol, AT-101, and galloflavin as LDHA inhibitors. Enzyme inhibitors for G6PD involved in PPP include DHEA, 6-aminonicotinamide, and CB83 and oxythiamine as TKT inhibitor. In the serine and glycine pathway, PHGDH inhibitors include NCT-503, CBR-5884, PKUMDL-WQ-2101, PKUMDL-WQ-2201, and 15 fragments, and sertraline as SHMT inhibitors. HK, hexokinase; PKF, phosphofructokinase; PKM2, pyruvate kinase isozymes M2; LDHA, lactate dehydrogenase A; G6PD, glucose 6-phosphate dehydrogenase; PPP, pentose phosphate pathway; DHEA, dehydroepiandrosterone; TKT, transketolase; PHGDH, phosphoglycerate dehydrogenase; SHMT, serine hydroxymethyltransferase.



GLUT1 Inhibitors

GLUT1 inhibitors—WZB117 and SFT-31—inhibit cell proliferation and promote apoptosis in breast cancer cell lines (Xintaropoulou et al., 2015). WZB117 increases the effectiveness of radiation (Zhao et al., 2016) and anticancer drugs in breast cancer cell lines (Liu et al., 2012; Chen Q. et al., 2017). BAY-876, a selective GLUT1 inhibitor, decreases glucose uptake in TNBC cell lines (Wu et al., 2019a) and 2-deoxy-D-glucose (2-DG), a synthetic non-metabolizable glucose analog, competes with glucose for binding GLUT, which reduces glucose uptake in the MDA-MB-231 TNBC cell line (Amaral et al., 2018). As for 2-DG, there are two different phenomena resulting from the suppression of glycolysis: first, glucose can be deviated to PPP because 2-DG is not metabolized any further after phosphorylation into 2-deoxy-D-glucose-6-phosphate (2-DG-6-P) by HKII (Ralser et al., 2008); and second, 2-DG induces autophagy due to endoplasmic reticulum (ER) stress. Suppression of glycolysis leads to a decreased ATP, by which N-linked glycosylation is suppressed and AMPK is activated. AMPK activation and N-linked glycosylation lead to ER stress (Xi et al., 2011, 2013). Autophagy promotes tumor growth in the early stage of cancer (Cheong, 2015), maintains tumor survival, and increases metastasis in the advanced stage (Yang et al., 2011). Anti-GLUT1 monoclonal antibody decreases glucose uptake in the MDA-MB-231 TNBC cell line, and decreases cancer cell proliferation and promotes apoptosis in MCF-1 and T47D breast cancer cell lines (Rastogi et al., 2007). Polyphenols, a huge family of natural compounds found in plants or food, is one category of the GLUT1 inhibitors (Williamson, 2017) that shows an anti-tumoral effect against various cancers including breast cancer. The anti-tumoral mechanism of polyphenols against breast cancer includes increased apoptosis, cell cycle arrest, enhanced autophagy, decreased angiogenesis, anti-inflammatory effect, blockade for estrogen, aromatase modulation, altered redox balance, and inhibition of the HER-2 pathway (Mocanu et al., 2015; Losada-Echeberría et al., 2017). Polyphenols inhibiting GLUT1 in breast cancer are as follows: Resveratol suppresses glucose uptake in T-47D cell line by reducing GLUT1 protein level (Jung et al., 2013), and hesperetin suppresses glucose uptake by decreasing GLUT 1 mRNA and protein levels (Yang et al., 2013). Quercetin decreases the glucose uptake in MCF-7 and MDA-MB-231 by reducing GLUT1 protein level (Jia L. et al., 2018), as does glabridin in MDA-MB-231 (Li et al., 2019). Epigallocatechin-3-gallate (EGCG) decreases the glucose and lactate levels in cancer cells by reducing GLUT1 mRNA levels in 4T1 cell line (Wei et al., 2018), and cantharidin suppresses metastasis by inhibiting glucose uptake and lactate production through decreasing GLUT1 protein level in MCF-7 and MDA-MB-231 (Pan et al., 2019). Kudingcha, one of the Ligustrum robustum species, inhibit cancer proliferation through decreasing GLUT1 protein level in MDA-MB-231 and HCC1806 (Zhu et al., 2020). Vitamin D3 decreases glucose uptake by decreasing GLUT1 mRNA and protein levels in MCF-7 and MDA-MB-231 (Santos et al., 2018).



Glucose Metabolic Enzyme Inhibitors

First, 3-bromopyruvate (3-BrPA), an inhibitor of hexokinase, causes apoptosis in MDA-MB-231 breast cancer cell line (Liu et al., 2014; Chen et al., 2018) and increases the response to daunorubicin (Liu et al., 2015) and tamoxifen (Attia et al., 2015) in breast cancer. Methyl jasmonate, another hexokinase inhibitor, caused a decrease in tumor volume in mice bearing 4T1 breast cancer cell line (Yousefi et al., 2020). Resveratrol, an inhibitor of PFK, decreases the cell viability and glucose consumption in MCF-7 breast cancer cell line (Gomez et al., 2013). Cyclosporin A, an immunosuppressive agent, inhibits the expression and activity of PKM2 in breast cancer cell lines (MCF-7, MDA-MB-435, and MDA-MB-231) and causes tumor cell death by reducing cell viability (Jiang K. et al., 2012). Cyclosporin A also maintains mitochondrial function by suppressing mitochondrial permeability transition pore (Halestrap et al., 1997; Mishra et al., 2019). When oxamate, an LDH inhibitor, is administered in conjunction with doxorubicin and metformin, it causes a rapid tumor growth inhibition in the xenograft model using human MDA-MB-231 TNBC cell line (García-Castillo et al., 2017). When paclitaxel and oxamate are administered together, they induce an effective killing of paclitaxel-resident TNBC cells (Zhou et al., 2010). Gossypol, a lipid soluble polyphenolic compound, exhibits antitumor effects by inhibiting glycolysis through LDH isoenzyme type 5 inhibition (Coyle et al., 1994). Gossypol causes anti-proliferative activity and apoptosis in breast cancer cells (Gilbert et al., 1995; Ye et al., 2010; Messeha et al., 2019), and when R-(-)-gossypol (AT-101) is administered in conjunction with trastuzumab in HER-2 positive breast cancer cell line, it causes synergistic cytotoxicity and apoptosis (Bulut et al., 2020). Galloflavin, an LDHA inhibitor, induces cell death in MDA-MB-231 cell lines and acquired tamoxifen resistance MCF-7 breast cancer cell lines (Farabegoli et al., 2012).

Serine and glycine pathway inhibitors can be used for the management of tumors that use serine and glycine metabolism and for treatment of tumors showing recurrence and treatment resistance. PHGDH inhibitors—NCT-503 and CBR-5884—are both allosteric PHGDH inhibitors; NCT-503 binds to the near substrate-binding pockets; and CBR-5884 hinders PHGD holigomerization (Mullarky et al., 2016; Pacold et al., 2016). NCT-503 inhibits tumor growth in PHGDH-amplified breast cancer xenografts (Pacold et al., 2016), and CBR-5884 inhibits tumor cell proliferation in high PHGDH-expressing breast cancer cell lines (MDA-MB-468, MDA-MB-436, HCC70, and Hs578T) (Mullarky et al., 2016). PKUMDL-WQ-2101 and PKUMDL-WQ-2201, which are allosteric PHGDH inhibitors, show an antitumor activity in PHGDH-amplified breast cancer cell lines (MDA-MB-468 and HCC70) (Wang et al., 2017). An NAD-competitive PHGDH inhibitor, 15 fragments, reduces cell proliferation in PHGDH-amplified breast cancer cell line (MDA-MB-468) (Unterlass et al., 2018). Sertraline, an antidepressant, is a selective serotonin reuptake inhibitor (SSRI) class (MacQueen et al., 2001), but it also works as a competitive dual SHMT1/2 inhibitor, reducing the cell growth in serine/glycine synthesis-addicted breast cancer cell line (MDA-MB-468) and decreasing the tumor growth in a mouse xenograft study (Geeraerts et al., 2021b).

G6PD, one of the important enzymes in PPP, has a potent non-competitive inhibitor, dehydroepiandrosterone (DHEA), which is an adrenal cortical steroid. DHEA inhibits the growth and migration of breast cancer cell lines (MCF-7, MDA-MB-231, and Hs578T) (López-Marure et al., 2011). DHEA can bind estrogen or androgen receptors because it is metabolized to estrogen or androgen (Labrie et al., 2001), however, the suppression of MCT-7 cell line growth by DHEA is reported to be independent of estrogen or androgen receptors (Gayosso et al., 2006). 6-aminonicotinamide, a G6PD inhibitor, can decrease mammosphere formation and aldehyde dehydrogenase (ALDH) activity when given with DHEA in breast cancer stem-like cells that show high PPP activity (Debeb et al., 2016). CB83, another G6PD inhibitor, can inhibit growth of MCF10-AT1 breast cancer cell line (Preuss et al., 2013). Oxythiamine, an inhibitor of TKT, also increases the response of breast cancer cells to doxorubicin or docetaxel (Tseng et al., 2018).





CONCLUSION

Because of the high expressions of GLUT-1 and the enzymes involved in glucose metabolism, tumor cells in breast cancer, as in other tumors, are provided with energy through glucose metabolism. There are several characteristic factors to consider in the glucose metabolism of breast cancer. Because breast cancer is heterogeneous, inter- and intratumoral heterogeneity is also seen in glucose metabolism. First, glucose metabolic activity is different among the molecular subtypes, especially in TNBC, which shows an increased glycolytic phenotype (Wang et al., 2020). According to the traditional Warburg theory, tumors showing aerobic glycolysis are suggested to exhibit a decreased mitochondrial OXPHOS; however, TNBC with a high metabolic activity shows both enhanced glycolysis and sustained mitochondrial OXPHOS (Park et al., 2016; Lanning et al., 2017; Luo et al., 2018; Jia et al., 2019). Luminal type breast cancer rely more on OXPHOS than glycolysis compared to TNBC (Pelicano et al., 2014). It also presents metabolic switches between glycolysis and OXPHOS during cancer progression (Levine and Puzio-Kuter, 2010; Jia D. et al., 2018; Lai et al., 2020; Moldogazieva et al., 2020). Therefore, metabolic intratumoral heterogeneity is exhibited in breast cancer, showing different glycolytic activities depending on the tumor cell type. Second, there is a metabolic interaction between tumor cells and the surrounding stromal cells in breast cancer. Breast cancer is a typical tumor that contains various stromal cells, the main components of which are CAFs, CAAs, and immune cells. Metabolic interactions exist between breast cancer cells and stromal cells; especially according to the reverse Warburg theory, lactates produced by glycolysis in CAFs enter tumor cells and produce energy through OXPHOS. Among the immune cells, B-cells and NK cells use glycolysis, and tumor-associated neutrophils use glycolysis and PPP, allowing a metabolic competition with the tumor cells. Third, unlike in other tumors, CAAs are stromal cells that are specifically present in breast cancer, and previous studies suggest that β-oxidation in tumor cells is primarily studied through the lipid transfer between CAAs and tumor cells. As the glucose metabolic interaction between CAAs and tumor cells is rarely studied in breast cancer, it requires further study. Metabolic interactions between tumor cells and stromal cells in these breast cancer cases are also reported to be affected by cancer phenotypes (Brauer et al., 2013), which may require further research on the metabolic cross-talk between the cancer cells and stromal cells according to the molecular subtype of breast cancer. Fourth, breast cancer shows differential metabolic features depending on the stage and metastatic site. In order for the tumor to progress into distant metastasis, multiple and complex processes, such as intravasation, survival in blood stream, and extravasation, must be accomplished during this process, and the hurdles, such as anchorage independent survival and tumor cell proliferation in foreign microenvironment, should be overcome. One way to overcome this challenge is metabolic reprogramming. Breast cancer shows metabolic differences between the primary and metastatic tumors (Chen et al., 2007; LeBleu et al., 2014; Dupuy et al., 2015; Simões et al., 2015; Andrzejewski et al., 2017), and breast cancer does not rely on a single metabolic pathway, but uses multiple metabolic pathways. Highly metastatic 4T1 cells show increased glycolysis and OXPHOS compared to non-metastatic 67NR breast cancer cells (Simões et al., 2015). The most common metastatic sites are the brain, bone, lung, and liver, which exhibit differential metabolic features owing to different microenvironments. Liver metastatic breast cancer demonstrates increased glycolytic pathways compared to bone and lung metastatic breast cancer (Dupuy et al., 2015), whereas brain metastatic breast cancer shows increased glycolysis and PPP compared to bone metastatic breast cancer (Chen et al., 2007). As a result of the above characteristics of glucose metabolism in breast cancer, further studies are needed to consider tumor imaging using glucose metabolism and glucose metabolic markers as treatment targets. In addition, because glucose metabolism is associated with resistance to anticancer drugs or targeted treatments in breast cancer, glucose metabolic inhibitors can also be considered for a combined therapy with conventional treatments.
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HK2, hexokinase II; PFK, phosphofructokinase; PKM2, pyruvate kinase isozymes M2; LDHA, lactate dehydrogenase A; G6PD, glucose 6-phosphate dehydrogenase; 6PGD, 6-phosphogluconate dehydrogenase; RPE, ribulose-5-phosphate epimerase; RPI, ribose 5-phosphate isomerase; TKT, transketolase; TALDO, transaldolase; PHGDH, phosphoglycerate dehydrogenase; PSAT1, phosphohydroxythreonine aminotransferase; PSPH, phosphoserine phosphatase; SHMT, serine hydroxymethyltransferase; GLDC, glycine decarboxylase; CAF, cancer-associated fibroblast; HIF, hypoxia-inducible factor; MCT, Monocarboxylate transporter; OXPHOS, oxidative phosphorylation; TAM, tumor-associated macrophage; PPP, pentose phosphate pathway; DHEA, dehydroepiandrosterone; PHGDH, phosphoglycerate dehydrogenase; ROS, reactive oxygen species; EMT, epithelial-mesenchymal transition; CSC, cancer stem cell; NADPH, nicotinamide adenine dinucleotide phosphate; 6PGDH, 6-phosphogluconate dehydrogenase; PI3K, phosphoinositide 3-kinase; mTOR, mammalian target of rapamycin; AMPK, AMP-activated protein kinase; VEGF, vascular endothelial growth factor; BMI, body mass index; E2, 17 beta-estradiol; IGF, insulin-like growth factor.
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Functional class

Amino acid transporters

Acid/base transporter

Gene symbol

SLCBA2 or CD98hc

SLC7A5 or LATH

SLC1A5 or ASCT2

SLC38A2 or SNAT2

SLC4A7 or NBCn1

Gene name

Solute carrier family 3 member 2 or
Cluster differentiation 98 heavy chain
Solute carrier family 7 member 5 or
L-type amino acid transporter 1
Solute carrier family 1 member 5,
ASCT2 or Alanine Serine Cysteine
transporter 2

Solute carrier family 38 member 2 or
Sodium coupled neutral amino acid
transporter 2

Solute carrier family 4 member 7 or
Sodium bicarbonate cotransporter 3

Biological role

Amino acid transport heavy chain subunit. Forms a complex with light
chain subunit to create functional heteromeric amino acid transporter

Sodium independent transport of large neutral amino acids such as
Leu, lle, Val, His, Met, Trp, and Phe Tyr (Kanai et al., 1998)

Sodium-dependent transport of neutral amino acids such as Glu, Gin,
Ala, Ser, Thr, Val, and Gly (Utsunomiya-Tate et al., 1996)

Sodium-dependent transport of neutral amino acids such as Ala, GIn,
Ser, Met, Asn, Cys, Gly, His, and Pro (Mackenzie and Erickson, 2004)

Sodium bicarbonate cotransport
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Transporter Main substrate(s) Cotransported ions References

GABA, osmolyte, creatine transporters:

SLCBA1/GATH GABA 2Nat, 1C1- Nelson et al., 1990; Pantanowitz et al., 1993
SLCBAG/TauT taurine, p-alanine 2Na™, 1C1- Liu et al., 1992a; Ramamoorthy et al., 1994
SLCBA8/CTI/CreaTl creatine 2Nat, 1C1- Dai et al., 1999; Nash et al., 1994
SLCBA10/CT2/CreaT2 creatine 2Na*, 1C1-* lyer et al., 1996; Xu et al., 1997
SLCBA11/GAT3 GABA 2Na*, 1C1- Borden et al., 1994; Clark and Amara, 1994; Karakossian et al., 2005; Liu et al., 1993b
SLCBA12/BGTH betaine/GABA 3Na*, 1C1- Lopez-Corcuera et al., 1992; Yamauchi et al., 1992
SLCBA13/GAT2 GABA 2Nat, 1C1- Borden et al., 1994; Liu et al., 1993b
Monoamine neurotransmitter transporters:
SLCBA2/NET norepinephrine,

dopamine INa*, 1C1- Gu et al., 1994; Gu et al., 1996; Pacholczyk et al., 1991
SLCBA3/DAT dopamine 2Na*, 1C1- Gu et al., 1994; Shimada et al., 1991
SLC6A4/SERT serotonin 1Nat, 1CI—, 1Kt Gu et al., 1994; Hoffman et al., 1991
Amino acid transporters (I):
SLCBA5L/GlyT2 glycine 3Nat, 1C1- Liu et al., 1993a; Roux and Supplisson, 2000
SLCBA7/PROT proline 2Na*, 1C1- Fremeau et al., 1992; Galli et al., 1999
SLCBA9/GIyTI glycine 2Nat, 1C1- Liu et al., 1992b; Roux and Supplisson, 2000
SLC6A14/ATBO+ neutral,

cationic amino acids 2Nat, 1C1- Nakanishi et al., 2001; Sloan and Mager, 1999
Amino acid/nutrient transporters (ll):
SLCBA15/B°AT2 large, neutral

amino acids INat Broer et al., 2006
SLCBA16/NTTS unknown orphan
SLCBA17/NTT4 neutral amino acids INa™ Parra et al., 2008; Zaia and Reimer, 2009
SLC6A18/B°AT3 neutral amino acids 2Na*, 1C1-
SLCBA19/B°ATH neutral amino acids INat Broer et al., 2004
SLCB6A20/SIT1/
system IMINO proline, pipecolate,

sarcosine 2Nat, 1 ClI- Kowalczuk et al., 2005; Takanaga et al., 2005

GABA, y-aminobutyric acid; *, stoichiometry not determined.
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Cancer Type Prognosis p Value % 5-year survival FPKM Best cut off Median Expression
High Low High Low

Glioma Not prognostic 0.0017 o* 11 33 120 0.01 0
Thyroid Not prognostic 017 92 93 159 342 0.53 0.17
Lung Not prognostic 0.037 37 50 431 563 7.39 5.56
Colorectal Not prognostic 0.085 81 57 128 469 52 1.71
Head and
Neck Not prognostic 0.015 48 38 398 101 0.4 2.46
Stomach Not prognostic 0.039 35 34 270 84 1.1 4.57
Liver Not prognostic 0.0074 42 50 93 272 0.02 0
Pancreatic Prognostic, high expression

Unfavorable 0.00097 16 45 107 69 6.08 8.92
Urothelial Not prognostic 0.16 38 43 126 280 0.65 0.23
Prostate Not prognostic 0.013 100 96 233 261 1.27 112
Testis Not prognostic 0.021 100 94 7 57 0.02 0.03
Breast Not prognostic 0.031 83 80 508 567 0.29 0.26
Cervical Not prognostic 0.036 61 72 178 113 217 4.08
Endometrial Not prognostic 0.0010 81 63 392 144 0.07 0.38
Ovarian Not prognostic 0.018 35 22 291 82 0.01 0.08
Melanoma Not prognostic 0.27 36" 26* 28 74 0.56 0.04

The data from Protein Atlas (https://www.proteinatlas.org/ENSG00000268104-SLC6A14/pathology). FPKM, Fragments per Kilobase of exon per Million reads. * 3-

year survival.
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GLUT type Patient Material and method GLUT status Related factors References
number
and
diagnosis
GLUTH 33, IDC IHC, FFPE 90.9% + +/++ + n/a Godoy et al., 2006
GLUT2 90.9% +/+ +
GLUT3 9.1% +
GLUT4 6.1% +
GLUTS 84.8% +/+ +
GLUT6 50.0% +
GLUT1 118,1BC IHC, FFPE 42% positive High Ki-67 Younes et al., 1995
High HG
bcl-2 negative
GLUT1 124,1BC IHC, FFPE 46% positive High HG Pinheiro et al., 2011
basal-like type
PR negative
High Ki-67
GLUT1 100, IBC IHC, FFPE 47% positive High nuclear grade Kang et al., 2002
ER negative
PR negative
Shorter DFS, OS
GLUTH 78, IDC, IHC, FFPE 28.0% +inHG 1 n/a Ravazoula et al.,
No LN 63.8% +inHG 2 2003
mets 58.7% +inHG 3
GLUT1 61,BC IHC, FFPE 86.9% + High HG Alo et al., 2001
GLUT1 523, IBC IHC, FFPE 76.4% + in BLBC High HG Hussein et al., 2011
—55 BLBC 23.8% + in non-BLBC ER negative
—231 PR negative
non-BLBC basal-marker +
P53 expression
GLUT1 132, TNBC IHC, FFPE 65.2% + in tumor n/a Kim et al., 2013
5.3% + in stroma
GLUTH 276, IBC IHC, FFPE 88.4% low High HG Choi et al., 2013
11.4% high ER negative
PR negative
No LN mets
GLUT1 809, IBC IHC, FFPE 32.9% positive High HG in ILC KimY. H. et al.,
—692 IDC —37.3% + in IDC Shorter OSin ILC 2014
—114 ILC —6.1% +inILC
GLUT1 12, BC, IHC, FFPE 100% positive n/a Brown and Wahl,
GLUT2 5, LN mets 100% positive 1993
GLUTH 70, BC PCR, Western blotting 48.7% positive Higher HG Krzeslak et al.,
GLUT3 21.0% positive 2012
GLUTH 30, BC ICC 57% positive n/a Binder et al., 1997
GLUT4 43% positive
GLUTS 20, BC IHC, FFPE 100% positive n/a Zamora-Ledn et al.,
1996
GLUT12 10, IBC IHC, FFPE 80% positive n/a Rogers et al., 2003

IDC, invasive ductal carcinoma; IHC, immunohistochemistry; ICC, immunocytochemistry; FFPE, formalin-fixed paraffin-embedded; IBC, invasive breast cancer; HG,
histologic grade; ER, estrogen receptor; PR, progesterone receptor; LN, lymph node; BLBC, basal-like breast cancer; TNBC, triple negative breast cancer; ILC, invasive
lobular carcinoma,; PCR, polymerase chain reaction.
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Alias Substrates Expression in
Cancers
SLC22A5 OCTN2 - Carnitine - Glioblastoma
- Carnitine multiforme
derivatives - Ovarian
- Drugs among carcinoma
which anti-cancer - ER+ breast
drugs such as: cancer
Imatinib, oxaliplatin, - Colorectal cancer
and paclitaxel - Epithelial
HPV-mediated-
carcinoma
SLC22A4 OCTN1 -TEA - Several NCI-60
- Acetylcholine cancer cell lines
- Ergothioneine - Sporadic
- Acetylcarnitine colorectal cancer
- Choline and malignant
- Drugs among progression of
which anti-cancer inflammatory bowel
drugs such as: diseases (IBDs)
imatinib,
cytarabine,
camptothecin,
oxaliplatin,
mitoxantrone, and
doxorubicin
SLC22A16 CT2 - Carnitine - Breast cancer
- Drugs among - Ovarian cancer
which anti-cancer - Leukemia
drugs such as: - Lung cancer
doxorubicin, - Gut cancer
bleomycin, and - Nasopharyngeal
cisplatin cancer
- Diffuse large cell
lymphoma
- HCT116 cell line
SLC6A14 ATBO-+ - Amino acids - Colorectal cancer
- Carnitine - ER+ breast
- Propionylcarnitine cancer
- L-carnitine - Pancreatic cancer
conjugated - Cervical cancer
nanoparticles
(LC-PLGANPS)
SLC16A9 MCT9 - Carnitine - Adrenocortical
- Creatine tumors
- Diffuse large
B-cell ymphoma
SLC25A20 CAC - Carnitine - Prostate cancer
- Acylcarnitine - Non-muscle

invasive bladder
cancer

OCTNZ, organic cation transporter novel 2; CAC, carnitine/acylcarnitine carrier.
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Variable Co_no
Hypoxanthine 1.00+£0.47
Acetylcarnitine 1.00£0.18

Decanoyl—L—carnitine 1.00+0.55
Glycerophosphocholine ~ 1.00+0.10
Hydrocortisone (Cortisol) 1.00£0.75

Co_um
1.07+0.63
1.15£0.36
1.43+0.88
0.95+0.19
1.08+0.62

IVL_no
0.34+0.22
1.50+0.27
4.05+2.81
0.82+0.11
1.99+0.96

IVL _re P value

0.38+0.17
1.40+0.32
2.69+1.84
0.80+0.24
2.58+2.54

0.013 €&—

0.004 >
0.403

0.031 &~—

0.007 —c—

0.180.350.71 1.41 4.0
OR for IVL progression
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Characteristic Groups P-value

IVL patients Normal
(n =30) controls
(n =30)
Age (years) 49.0 (45.0~53.5) 49.5 0.25
(43.0~52.0)
Age of menarche (years) 14.0 (13.0~15.0) 15.0 0.07
(13.0~16.0)
Symptoms -
Lower limb edma 4(13.3) -
Flustered shortness of 8 (26.7) -
breath
Abdominal mass 13.9 -
Lumbago and back pain 4(13.3) -
Hypermenorrhagia 2(6.7) -
Ventral belly 2(6.7) -
Syncope 2(6.7) -
Asymptomatic 7 (23.3) -
Pelvic mass (cm) 8.3(0.0~12.2) - -
History of uterine 30 (100) - -
fibroids
Uterine surgery history 22 (73.3) - =
Route of extension -
Left iliac vein 4(13.3) =
Right iliac vein 24 (80.0) -
Left gonadal vein 1.9 -
Right gonadal vein 4(13.3) -
Left parauterine vein 1(3.3 =
Right parauterine vein 1(3.3 -
Extent of involvement =
Right ventricle 4(18.3) -
Right atrium 14 (46.7) -
Retrohepatic IVC 3(10.0) -
Infrarenal IVC 4(18.3) -
Distal IVC 13.9 -
Left iliac vein 1(8.9) -
Right iliac vein 3(10.0) -
Shape of IVL -
Cast 27 (90.0) -
Luminal 3(10.0) =
Thread-like 0(10.0) -
Mixed 0(10.0) -
Staging surgery —
| 23 (76.7) -
Il 7 (238.3) -
Postoperative residual —
lesions
No 25 (83.9) -
Intravascular residue 4(13.3 -
Pelvic residue 13.9 -
Site of recurrence
Intravascular 4(13.3)
Pelvic 9(30.0)
Both 2(6.7)

IVL, intravenous leiomyomatosis; IVC, inferior vena cava. Data were expressed as
number (percentage) for categorical variables or median (upper quartile and lower
quartile) for continuous ones. Kruskal-Wallis non-parametric test was performed
for comparisons among different specialties.
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Organic oxygen compounds 5%
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Phenylpropanoids and polyketides 1.667%
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Characteristic PTC Control (healthy

subjects)
Patient number 80 80
Gender
Male 18 48
Female 62 32
Age (Mean  SD; year) 41.63 11213 43.44 +8.378
Clinical biochemistry -
tests (Mean + SD)
TSH (lU/mi) 1794081
T4T (amol/) 11051 + 12.35
T3T (amol) 24054
Lymph node metastasis® -
Negative 2
Positive 54
TNM stages® -
| 20
[ 52
[ 5
VA 3

PTC, papilary thyroid carcinoma. Includes N1a and/or N1b. ®American Joint Committee
on Cancer (AJCC) Tumor-Node-Metastasis (TNM) staging system.
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Name Retention Mass-to Formula viP FC logz(FC) Adjusted HMDB ESI+

time charge p value

(min) ratio
Quillic acid 14.01 4182084 CA2HB4O16 211539 033217 159 <0001 HMDBO033404 +
3-{galactosyh(1->2)-glucuronide]
Quillaic acid 3-frylosyl-(1->3)- 14,06 479248 C4THT2020 206349 032061  —16411  <0.001  HMDBOO33406 +
[galactosyl-(1->2)]-glucuronide]
Aspartylphenylalanine 1.38 27000845 ~ C1SHIGN205 184875 027591  —18577 <0001  HMDB0O0O706 -
L-Histidine 138 154.06227  CBHONBO2 1.8051 04000  -13187 <0001  HMDBOOOO177 -
Pyridinoline 132 42721866  C18H2BNAOS 17665 040468 13051 <0001  HMDBOOOOSS! -
5-hydroxylysine 1139 16110051  CGH1AN203 166697 047622  —1.0703  <0.001  HMDBOOOO4SO -
L-glutamic acid 1.06 146.04601 C5HINO4 164934 051228  -096499 <0001  HMDBOOOO148 -
Hydrogen carbonate 144 609925 CHe08 162898 058709  -076835  <0.001  HMDBOOOOSSS -
L-phenylalanine 7.39 166.08415  COHIINOZ 162402 20001 10638 <0001  HMDBOOOO1SY +
Trans-trans-Muconic acid 145 140.97822 CeHe04 150538 058257  -000896  <0.001  HMDBO002349 -
Taurocholic acid 2077 51426072  C26HASNOTS 15798 22144 11469 <0.001  HMDBOOOOO36 -
Disuffram 15 204904  CIOH20N2S4 156751 061107  —07106 <0001  HMDBOO14960 -
Gitrc acid 1.48 190.95495 C6HgO7 15526 054782  -0.8695¢ 00049857 HMDBOOO00S4 -
Dimercaprol 145 122.96761 CcaHgos2 154495 052417 -09319 <0001  HMDBOO1S677 -
Argininic acid 1.15 174.0885 CBH13N303 1.53498 0.5726 —0.80439 0.014188 HMDB0003148 -
Ursacholic acid 2041 40724778 C24HA005 153168 18474 088546  <0.001  HMDBOOOOSI? -
Methylmalonic acid 1.18 117.01943 C4He04 152830 042889  -12213 <0001  HMDBOOOO202 -
Nicotine glucuronide 168 307.14296  C16H22N206 150428  2.2215 11515 <0001  HMDBO0O1272 -
L-Kynurenine 132 207.08727  C1OH12N203 148824 046308 11107 <0001  HMDBOO0OGS4 -
2-hydroxyethinylestradiol 1197 81116896  C20H2408 147603 29752 1578 <0001 HMDBOOB1027 -
Oleoylcarnitine 2006 42433074  C25HATNO4 145757  2.0835 1.024 <0001 HMDBOOOS06S -
Retinyl beta-glucuronide 2205 46130177 C26H3807 145534 20624 10443 <0001  HMDB0010340 -
N-a-Acetyl-L-arginine 1197 21510839  CBHIGNAO3 14469 053088  —091855  <0.001  HMDBOOO4620 -
Cyanate 13 44.0489 GHNO 143683 18665 000083  <0.001  HMDBO002078 +
10-Hydroxy-octadec-12Z-enoate-9- 2076 48924827  C24H42010 143271 2.0631 10448 <0001  HMDBOOBO120 -
beta-D-glucuronide
Biotin 1197 24310362  CIOH16N2O3S 142499 060751  —071902  0.0018047 HMDBOOOOOSO -
2-arachidonylglycerol 1972 877.27343  C28HI8O4 141697 055461  —0.85046 0.0046278 HMDBO0O4GES -
Beta-Alanine 1.18 88.04025 C3HTNO2 141179 055075  —083715 00050028 HMDBOOOOOSS -
Indolelactic acid 1.35 204.06539 C11H11INO3 1.39434 0.48593 -1.0412 0.0018691  HMDB0000671 -
Acitretin 1245 32518468  C21H2603 130063 26031 14203 <0001  HMDBOO14602 -
Hippuric acid 1.32 178.0611 COHONO3 1.3891 0.55416 -0.85163 <0.001 HMDB0000714 -
L-Tryptophan 138 20806273  C11H12N202 138814 061765  —0.69513 0.0050668 HMDB0000O29 -
Ribothymidine 1.14 257.07558  C10H14N206 1372 049838 10047 <0001  HMDBOOOOSS4 -
3-Hydroxy-cis-5- 1026 88627558  C21HOONOS 137183 061797  —-0.6044  0.012251  HMDBOO13330 +
tetradecenoylcarnitine
N-Acetylornithine 128 17300807  C7H14N203 136098 039628  —13854  <0.001  HMDBO0O3357 -
Threonic acid 13 159.02767 CaHgos 135864 19251 004496  <0.001  HMDBO0OOS43 +
Oxalic acid 12 8898794 C2H204 132474 050832  -099047 <0001  HMDBO002329 -
Alpha-Tocotrienol 009 42332682 C29H4402 1.3208 19807 098509 <0001  HMDBOO0G32? -
Acetone 1.42 5699484 C3HEO 131720 054805 -0.86763  <0.001  HMDBOOO1659 -
4-0-Methylepicatechin 747 20807747  C28H26011 131887  1.6712 074089 <0001  HMDBOO29183 -
7-O-glucuronide
Glucosylgalactosyl hydroxylysine 2213 48532744  C18H3ANZO13 120406  1.6334 07079 00012046 HMDBOOOOSSS -
L-Tyrosine 195 180.06682  COM11NOG 120302 065647  —0.60719  <0.001  HMDBOOOO1SS -
1-Methylguanosine 13 20610085 ~ C11HISNSOS ~ 120085 060407  -072721 0011676  HMDBOOO1SE3 -
Azelaic acid 134 187.00788 COH1604 120008 036788  —1.4427 <0001  HMDBOOOO784 -
4-hydroxybenzaldehyde 134 121.02057 C7HE02 12664 047227  —1.0823 00028175 HMDBOO11718 -
(8)-3,4-Dihydroxybutyric acid 1.15 119.03508 CaHgos 124485 06200  -068756 <0001  HMDBOOOOSS? -
Heparan sulfate 1506 639.98222  C14H25NOR1S3 122504 16421 071556 <0001  HMDBOOOOGOS +
4-glutathionyl cyclophosphamide 2052 56426422  CITHSOCINSOSPS 12227 0.6261  —067553 0010508  HMDBOOGOSE? -
Uric acid 129 167.02124  CSHANAOS  1.19315 054884 086554 <0001  HMDBOOOO28Y -
Thiamine pyrophosphate 1705 42407522  C12HION4O7P2S 1.16992  1.8087 085496 <0001  HMDBOOOIS72 -
Phenylalanylphenylalanine 7.97 31114085 ~ C18H2ON203  1.16405 ~ 060089  -0.73483 <0001  HMDBOO13302 -
Famesyl pyrophosphate 1.14 38110138 CI5H2807P2  1.16075 055865 -083999 <0001  HMDBOOOOSG! -
p-Cresol sulfate 138 187.00783 C7HBO4S 113682 044465  —1.1693 0011120  HMDBOO11635 -
3-hydroxyhexadecadienoylcamnitine 23.32 410.31521 C23H41NOS 1.11261 1.8723 0.90484 <0.001 HMDB0013335 -
Hesperetin &,7-O-cliglucuronide 15.05 65499189  C28H30018  1.10556  1.6165 060201 <0001  HMDBOOA1742 +
Glucose 6-phosphate 1.18 25899652 CBH1300P 108797 05463  -087223 00013207 HMDBOOO1401 -
Proline betaine 124 14410164 CTHIBNO2 108384 38372 1.9401 <0001 HMDBO004827 +
Dopamine 129 15408371 CBH11NO2 107980 066314  -050262  0.010018  HMDBOOOOO73 +
&-hydroxy-e,e-caroten-3-one 15.84 56727116 CAOHS402 105843 15214 060887 <0001  HMDBO002020 +
8-hydroxy-deoxyguanosine 124 26208465 ~ C1OHIGNSOS 105832 063158  -066296 00109  HMDBOOO33S3 -
12(18)Ep-9-KODE 11.98 300.1744 C18H3004 104412 16818 075004 00092077 HMDBOO13623 -
8-soprostane 1938 279.44382 C20H40 103448 058342  -077739 000455  HMDBOOO4G59 -
Maltotetraose 103 667.35056 C24H42021 1.01631 0.52038 -0.94235 0.006033 HMDB0001296 +
Oxypurinol 132 151.02635  CSHAN4O2 100411 054448  -08771 0008202  HMDBOOOO786 -

The metabolites were listed in a decreasing order based on variable importance in the projection values (VIF). p value adjusted by false discovery rate method across ail the metabolites
within the comparison.
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