

[image: image1]
Warburg’s Ghost—Cancer’s Self-Sustaining Phenotype: The Aberrant Carbon Flux in Cholesterol-Enriched Tumor Mitochondria via Deregulated Cholesterogenesis












	 
	REVIEW
published: 12 March 2021
doi: 10.3389/fcell.2021.626316





[image: image]

Warburg’s Ghost—Cancer’s Self-Sustaining Phenotype: The Aberrant Carbon Flux in Cholesterol-Enriched Tumor Mitochondria via Deregulated Cholesterogenesis

Peter S. Coleman1* and Risa A. Parlo2

1Independent (Retired) Academic, Beverly, MA, United States

2Kingsborough Community College, Brooklyn, NY, United States

Edited by:
Eric Kenneth Parkinson, Queen Mary University of London, United Kingdom

Reviewed by:
Ralph J. DeBerardinis, University of Texas Southwestern Medical Center, United States
Li Zhang, The University of Texas at Dallas, United States

*Correspondence: Peter S. Coleman, coleman@colemanps.com

Specialty section: This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Cell and Developmental Biology

Received: 04 December 2020
Accepted: 29 January 2021
Published: 12 March 2021

Citation: Coleman PS and Parlo RA (2021) Warburg’s Ghost—Cancer’s Self-Sustaining Phenotype: The Aberrant Carbon Flux in Cholesterol-Enriched Tumor Mitochondria via Deregulated Cholesterogenesis. Front. Cell Dev. Biol. 9:626316. doi: 10.3389/fcell.2021.626316

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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