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Abstract

The constitutive anabolism of cancer cells supports proliferation but also addicts tumor cells to a 

steady influx of exogenous nutrients. Limiting access to metabolic substrates could be an effective 

and selective means to block cancer growth. In this review, we define the pathways by which 

cancer cells acquire the raw materials for anabolism, highlight the actionable proteins in each 

pathway, and discuss the status of therapeutic interventions that disrupt nutrient acquisition. 

Critical open questions to be answered before apical metabolic inhibitors can be successfully and 

safely deployed in the clinic are also outlined. In summary, recent studies provide strong support 

that substrate limitation is a powerful therapeutic strategy to effectively, and safely, starve cancer 

cells to death.
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INTRODUCTION

Developing novel and selective therapies that exploit the metabolic differences between 

normal and transformed cells is a central goal of the cancer metabolism community. Indeed, 

many small molecule inhibitors of anabolic enzymes that are conditionally essential in 

cancer cells have been evaluated as anti-neoplastic agents (reviewed in [1–5]). Some of these 

compounds have shown promising pre-clinical activity, and a few have been evaluated in 

clinical trials. However, tumor heterogeneity can limit the efficacy of these targeted agents 

[6–9]. Anabolic enzyme inhibitors will only be effective in the fraction of tumor cells that 

carry the oncogenic mutation that creates dependency. Pre-existing insensitive sub-clones 

that have a distinct mutational landscape can produce resistance. Moreover, agents that are 

merely cytostatic can lead to the adaptive up-regulation of parallel pathways in the cancer 

cells that they fail to kill. Acquired compensatory mutations can also contribute to the 

emergence of refractory disease. In summary, metabolic inhibitors suffer from the same 

limitations as therapies targeting oncogenic signal transduction cascades [10–13]. Thus, 

while inhibitors of anabolic enzymes are likely to be valuable therapeutic agents, stable 

remission or cures will almost certainly require drug combinations that hit both primary and 

adaptive pathways. A broad palette of anti-metabolic agents with complementary modes of 

action will be required to design effective combination therapies.
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An alternate strategy to anabolic enzyme inhibition is to limit access to the nutrients that 

supply these enzymes with substrates. Blocking the entry of the nutrients that are 

conditionally essential in cancer cells would target the metabolic pyramid at its apex, 

inhibiting downstream anabolic enzymes by limiting their access to substrates. Substrate 

limitation could be effective alone, but should also increase the effectiveness of drugs that 

reduce enzymatic activity given their distinct mechanisms of action. Could there be an 

oncological dependency on nutrients that would provide a therapeutic index for the substrate 

limitation approach? All rapidly proliferating cells import lipids, sugars, and amino acids 

from the extracellular space to supply energy and raw materials for the biosynthesis of 

membranes, nucleic acids, and proteins. Normal cells tolerate periods of reduced nutrient 

availability by becoming quiescent and catabolic similar to bears that hibernate through the 

winter. Oncogenic mutations limit the metabolic choices a tumor cell can make, leaving 

cancer cells at a disadvantage when nutrients become scarce. An example of how effective 

substrate limitation can be against cancer cells is the success of L-asparaginase, a frontline 

therapy for acute lymphoblastic leukemia (ALL) [14]. L-asparginase is a bacterial enzyme 

that de-aminates circulating asparagine, depleting this non-essential amino acid. ALL cells 

are asparagine auxotrophs because they cannot synthesize sufficient asparagine to meet their 

anabolic demands. Pediatric ALL outcomes have been vastly improved by the introduction 

of L-asparaginase with minimal toxicity to normal tissues. However, L-asparaginase is not 

effective against other tumor types, highlighting that the nutritional preferences of cancer 

cells vary with tissue of origin and mutational status. Many cancer cells are hypersensitive to 

glucose and/or glutamine depletion [5,8], but recent pre-clinical studies have revealed that 

other cancers require an ample supply of exogenous serine [15], glycine [16], arginine [17], 

or low density lipoprotein (LDL) particles that deliver cholesterol and fatty acids [18]. Thus, 

drugs that limit nutrient uptake could be valuable weapons to add to the cancer metabolism 

armamentarium.

As mentioned above, many excellent recent reviews describe how metabolic pathways are 

re-wired in cancer cells and the efforts to drug key enzymes in these pathways [1–5,8,19]. 

However, these works include only a cursory discussion of approaches that would restrict 

access to nutrients. In this review, we will define the pathways cancer cells use to acquire the 

raw materials for biosynthesis, highlight studies that suggest how these access points might 

be safely targeted, and discuss the benefits and challenges of developing “apical” metabolic 

inhibitors that inhibit cancer metabolism well upstream.

Cell surface nutrient transporters: competitive inhibitors and beyond

Many oncogenic mutations drive nutrient transporter gene expression [20–26]. The post-

transcriptional and post-translational mechanisms by which oncogenic mutations orchestrate 

enhanced nutrient uptake are not as well-studied, but could provide tractable drug targets. 

Nutrient transporters are internalized through both clathrin-dependent and clathrin-

independent endocytosis pathways (CDE and CIE, respectively, Figure 1)[27]. Endocytic 

vesicles that enter through either pathway can be directed back to the membrane (fast-

recycling), routed through the trans-Golgi network for ‘slow’ recycling, or sent to the 

lysosome for degradation. Endocytic coat proteins, their adaptors, and small GTPase 

‘molecular switches’ such as Rab/Arf family members control the destiny of the cargos in 
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these vesicles [28]. Decisions about nutrient transporter endocytosis, recycling, and 

lysosomal degradation are not static, but rather regulated by signal transduction pathways 

that respond to growth factors and environmental signals. Understanding how these 

trafficking decisions are made and de-regulated in cancer cells could expose new ways to 

target cancer metabolism by attacking the supply wagons. Below, we summarize for each 

class of surface nutrient transporter with a role in cancer anabolism what is known about the 

post-transcriptional regulation of their expression and, focusing on recent studies, potential 

strategies to limit their expression or activity.

Glucose Transporters—Many cancers and rapidly proliferating cells increase glycolytic 

flux to provide ATP and biosynthetic intermediates for growth [2,29]. Glucose is a polar 

compound and therefore requires plasma membrane transporters to enter cells. To date 14 

isoforms of the GLUT family of facilitative glucose transporters have been identified that 

differ in tissue distribution and substrate affinity [30]. GLUT1 (SLC2A1) is often present at 

high levels on tumor cells, and multiple studies show that it presents a valuable target. For 

example, although they express a range of glucose transporters, GLUT1 deletion from B-

ALL cells is sufficient to block leukemic progression and sensitizes leukemic cells to the 

ABL kinase inhibitor dasatinib [31]. GLUT1 is also required in solid tumors. Reducing or 

eliminating GLUT1 expression slows the growth of MMTV-c-ErbB2-driven mammary 

tumors in vivo, while GLUT1 over-expression accelerates the growth of tumors generated 

from cells with low levels of this transporter [32]. As partially reducing GLUT1 levels with 

shRNA reduces both mammary isograft growth [32], head and neck squamous cell 

carcinoma xenograft growth [33], and murine B16 melanoma metastasis [34], partial 

inhibition of GLUT1 may be sufficient to limit tumor growth as long as unacceptable 

toxicity to non-transformed cells that also rely on GLUT1-mediated glucose uptake can be 

avoided.

Consistent with its central role in glucose uptake and homeostasis, GLUT1 surface 

expression is regulated post-transcriptionally. Protein kinase C (PKC) activation by phorbol 

esters leads to phosphorylation of GLUT1 Ser226, promoting both GLUT1 surface 

expression and glucose uptake [35]. This study is somewhat difficult to reconcile with 

PKC’s recently described role as a tumor suppressor, but different PKC isoforms or cellular 

contexts may be important [36]. A tumor suppressor that affects GLUT1 levels in the 

expected manner is thioredoxin interacting protein (TXNIP) [37]. TXNIP is a member of the 

α-arrestin family of adaptors that route vesicular traffic [38]. TXNIP interacts directly with 

GLUT1 to promote internalization [39]. AMPK-dependent TXNIP phosphorylation leads to 

TXNIP degradation, increasing surface GLUT1 levels. Interestingly, c-Myc binds to and 

represses the TXNIP promoter in triple-negative breast cancer cells thereby, indirectly, post-

transcriptionally increasing GLUT1 surface levels [40]. Her2 expression in breast cancer 

also reduces TXNIP levels, potentially increasing GLUT1 surface expression [41]. Tumor 

suppressors are challenging drug targets, but TXNIP might be stabilized in cancer cells by 

inhibiting AMPK [39]. AMPK has complex roles in tumor cells, but promotes tumor growth 

in certain contexts [42], perhaps in part through effects on TXNIP. It is possible that, similar 

to what has been observed with autophagy [43], AMPK has opposing roles in tumor 

initiation and maintenance and AMPK inhibitors could be useful anti-cancer agents [44].
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Other glucose transporters are also up-regulated in tumors. GLUT3 (SLC2A3), normally 

expressed primarily in neuronal tissues, is over-expressed in glioblastoma [45]. GLUT3 has 

a higher affinity for glucose than GLUT1 and supports growth in low glucose conditions. 

Moreover, GLUT3 shRNA reduced brain tumor initiating cell self-renewal and tumorigenic 

potential in orthotopic xenograft assays, validating that GLUT3 inhibition could be a 

promising strategy in glioblastoma multiforme, a disease with few treatment options and a 

poor prognosis. Consistent with this study, nanoparticle-mediated delivery of GLUT3 siRNA 

reduced GLUT3 mRNA and protein levels and U87MG glioma xenograft growth in a dose-

dependent manner [46]. GLUT3 is also ectopically expressed in liver and colorectal cancer 

where its expression is promoted by AMPK and YAP, a transcription factor that is negatively 

regulated by the Hippo tumor suppressor pathway [47]. GLUT3 expression is also induced 

by epithelial mesenchymal transition in non-small cell lung cancer (NSCLC) cells [48]. 

Interestingly, GLUT3 over-expression in non-malignant human breast cancer epithelial cells 

conferred malignant phenotypes specifically in 3D culture systems, up-regulating oncogenic 

signaling, while GLUT3 siRNA caused a phenotypic reversion of malignant breast cancer 

cells grown in 3D [49]. These studies indicate that GLUT3 may be as important in cancer 

anabolism as GLUT1.

The glucose analogue 2-deoxy-D-glucose (2-DG) lacks a 2-hydroxyl group and cannot be 

further metabolized by glycolytic enzymes after it is phosphorylated and trapped in the cell 

by hexokinase. 2-DG is taken up by GLUTs and is often used to evaluate glucose uptake, 

both in cancer cells in vitro and in patient tumors in vivo via (18F)-2-deoxy-2-(18F)fluoro-D-

glucose positron emission tomography ((18F)-FDG-PET). 2-DG has broad anti-proliferative 

effects on cancer cells in vitro and in vivo and was evaluated in a number of clinical trials 

([31], reviewed in [50]). To be effective, 2-DG must out-compete glucose which is present at 

millimolar concentrations in the blood; at tolerated doses, 2-DG had no measurable anti-

tumor activity [4]. Thus, while GLUTs play a key role in supporting malignant growth and 

pre-clinical studies strongly suggest that GLUT1 and GLUT3 will be excellent targets for 

anti-anabolic cancer therapies, new small molecules or gene delivery approaches will be 

required before GLUTs can be targeted successfully in the clinic. Structures are available for 

several GLUT family members, including GLUT1 and GLUT3, which could facilitate drug 

development ([51–53], reviewed in [54,55]). As GLUT1 deficiency leads to a spectrum of 

neurological symptoms, toxicity may impede the development of GLUT1 inhibitors for 

cancer patients. However, cancers with gross overexpression of GLUTs and mutations that 

addict them to glucose metabolism may be exquisitely sensitive to inhibition producing an 

acceptable therapeutic index.

In addition to the facilitative GLUT family of glucose transporters, the sodium-coupled 

glucose transporters (SLC5A family, SGLTs) that are normally expressed in the intestine and 

kidney are also up-regulated in some cancers. Because the Na+ gradient generated by the 

Na+/K+ ATPase is used to transport glucose, SGLTs can transport glucose against its 

concentration gradient at the cost of ATP hydrolysis. SGLT1 and SGLT2 expression is 

elevated prostate and pancreatic tumors where it increases uptake of Me4FDG (Me4FDG is 

a SGLT but not GLUT substrate, while 2-FDG commonly used for (18F)-FDG-PET is a 

GLUT but not a SGLT substrate) [56]. An SGLT2 inhibitor FDA-approved for type 2 

diabetes, dapagliflozin, inhibited Me4FDG uptake by prostate and pancreatic xenografts in 
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vivo, increasing tumor central necrosis without affecting tumor volume. A second FDA-

approved SGLT2 inhibitor, canagliflozin, also increased tumor necrosis and caused a 

moderate decrease in tumor growth. EGFR associates with and stabilizes surface SGLT1 in 

prostate cancer cells, and this interaction is sufficient to increase glucose uptake [57]. A 

follow-up study by the same group found that inhibition of SGLT1 with the non-selective 

SGLT1 inhibitor phlorizin sensitized prostate cancer cells to EGFR kinase inhibition in vitro 
[58]. It is possible that the SGLTs play a critical role in poorly perfused areas of solid tumors 

where glucose levels are low and GLUTs ineffective because active transport is required to 

import glucose.

Monocarboxylate transporters that import lactate and acetate—The 

monocarboxylate transporters MCT1 (SLC16A1) and MCT4 (SLC16A3) also contribute to 

oncogenic anabolism. MCT1 and MCT4 perform proton-coupled transport of pyruvate, 

lactate, and acetate. MCT1 has a wide tissue distribution, whereas MCT4 expression 

prevents lactic acid build-up in highly glycolytic cells [59,60] (reviewed in [61]). While 

MCT4 supports cancer anabolism by exporting lactate to maintain lactate dehydrogenase 

activity and NAD+ production for glycolysis, MCTs also import anabolic substrates. 

Although often considered only as a toxic by-product of glycolysis, lactate is an energy-rich 

molecule that is used as fuel by MCT1-expressing cancer cells [62–64]. Indeed, lactate 

shuttling coordinated by the expression of different MCTs has been described between 

tumor cells with glycolytic (export) and oxidative (import) profiles. For example, 

oxygenated tumor cells that express MCT1 can spare glucose for use by hypoxic cells by 

oxidizing lactate, creating a symbiotic relationship between tumor cells in perfused and 

hypoxic areas [64]. Notably, this metabolic symbiosis is also observed between tumor and 

cancer-associated fibroblasts (CAFs) reprogrammed toward aerobic glycolysis by factors 

secreted by tumors, a phenomenon coined the “reverse Warburg effect” [65]. Feedback 

signals from the stroma lead to a reciprocal metabolic shift in the tumor, notably an up-

regulation of MCT1, allowing lactate exported by CAFs to be used to support tumor growth 

in tumor cells [66]. Breaking this lactate cycle via inhibition of MCT1, MCT4, or both may 

be another way to starve cancer cells for fuel provided that normal cells that rely on MCTs 

(e.g. red blood cells) can tolerate their inhibition.

While under standard in vitro growth conditions 90% of acetyl CoA is derived from glucose 

or glutamine, a series of recent studies show that hypoxia and low nutrient conditions 

increase utilization of exogenous acetate for lipid synthesis and tumor growth [67–70]. 

Acetate is imported via MCTs, and thus tumors using acetate as a metabolic fuel would also 

be sensitive to MCT inhibitors. Oxidation of acetate occurs in both orthotopic glioma 

xenografts and brain metastases of other tumor types with a variety of oncogenic mutations 

[70]. Given that the primary tumors from which the metastases were derived are not 

generally 11C-acetate-PET positive, the brain microenvironment may favor the use of acetate 

as a metabolic fuel. Acetate oxidation was confirmed in glioma patients using isotopic 

tracing demonstrating that acetate is an important anabolic fuel under physiologic 

conditions, consistent with 11C-acetate-PET labeling of brain tumors [70,71]. Liver, renal, 

and prostate tumors as well as some multiple myelomas have been found to be 11C-acetate 

consumers [72–77]. In summary, acetate is a previously under-appreciated anabolic fuel for 
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cancer cells, particularly under suboptimal growth conditions, and inhibiting acetate import 

could be a valuable starvation strategy.

MCTs require the chaperone CD147 (basigin) for cell surface expression, and both MCT 

and CD147 expression correlate with poor patient outcomes in many different cancers [78]. 

Thus, both MCTs and CD147 could be actionable targets to limit the use of acetate and 

lactate to fuel cancer growth. Genetic depletion of MCT1, MCT4, and/or CD147 

significantly retards growth of a number of different tumor models at least in part by 

inhibiting glycolysis [63,79–82]. Strategies for targeting tumor lactate metabolism, including 

uptake, have been recently reviewed [78]. Notably, an MCT1 inhibitor, AZD3965, is 

currently in clinical trials [NCT01791595, phase 1 for advanced cancers]. Future studies 

should clarify the tumor types and contexts where acetate and lactate import through MCTs 

supports biosynthesis, but the clear prediction is that MCT inhibitors will have value as 

inhibitors of tumor anabolism.

Amino acid transporters that supply anabolism—Like glucose, amino acids cannot 

cross the lipid bilayer without transporter proteins, and amino acid transporter expression is 

positively correlated with growth and cancer (reviewed in [55,83]). Given these recent 

reviews, this section will focus on the most recent reports concerning the amino acid 

transporters with close connections to cancer anabolism (Figure 1). ASCT2 (SLC1A5) co-

transports alanine, serine, cysteine or glutamine and Na+ into the cell, but import is coupled 

to the export of Na+ and one of these amino acids. ASCT2 thus alters the complement rather 

than the concentration of amino acids in the cell. As mentioned earlier, the non-essential 

amino acids serine and glutamine are conditionally essential in some cancers [15,20]. 

Because glutamine is exchanged for leucine, an activator of mTORC1, ASCT2 can also be 

required for mTORC1 activation in normal [84] and transformed cells [85]. Consistent with 

this, elevated ASCT2 protein expression has been documented in leukemias, prostate cancer, 

breast cancer, melanomas, non-small cell lung cancer and clear-cell renal carcinoma where it 

is a negative prognostic indicator [86–91]. ASCT2 shRNA inhibits the growth of prostate 

[91], breast [86], and two neuroblastoma xenografts [92] suggesting that ASCT2 inhibitors 

[93,94] could be effective in a subset of tumors. Mice with deletions in ACST2 are viable 

and fertile suggesting that ASCT2 could be targeted in cancer patients with minimal toxicity 

[67].

Post-translational mechanisms controlling ASCT2 localization and activity have also been 

uncovered. N-glycosylation is critical for ASCT2 surface localization but does not modulate 

transport activity [96]. Protein glycosylation is altered in tumor cells [97], in part due to 

changes in metabolic wiring and glucose availability [98]. As amino acid and other nutrient 

transporters are glycoproteins, glucose uptake may support the surface expression of other 

transporters that provide nutrients for growth. Monoubiquitination increases both 

internalization and lysosomal trafficking of surface proteins [99]. RNF5, a key component of 

the ER-associated degradation (ERAD) pathway was recently identified ubiquitin ligase for 

both ASCT2 and the amino acid transporter SNAT2 (SLC38A2) [100]. Eliminating RNF5 

promotes ASCT2 expression and reduces differentiation in the MMTV-PyMT mammary 

tumor model, while RNF5 shRNA accelerates MDA-MB-231 xenograft growth. This study 

suggests that activation of RNF5 by inducing ER stress, for example with paclitaxel, could 
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be used to decrease ASCT2 expression and starve tumors for glutamine. This work also 

highlights that interfering with transporter trafficking may actually contribute to the efficacy 

of drugs already in clinical use.

CD98 (SLC3A2/4F2hc) is also over-expressed in many different cancers, and surface levels 

are inversely correlated with prognosis [55,101]. Unraveling the role of CD98 in tumor 

anabolism is somewhat complex due to its multiple roles in cancer cells. Although 

epidermis-specific deletion of CD98 causes regression of chemically-induced, Ras-

dependent tumors, CD98 loss likely limits tumor growth through multiple mechanisms 

[102]. Surface expression of CD98 is, like ASCT2, negatively regulated by ubiquitination 

[103], and interfering with CD98 ubiquitination can increase cell proliferation [104]. CD98 

functions as a chaperone that is required for surface expression of several integral membrane 

proteins including LAT1 (SLC7A5), an amino acid transporter that is also over-expressed in 

cancer cells and negatively correlated with prognosis [105–108]. LAT1 is an obligatory 

amino acid exchanger and actually exports glutamine, exchanging glutamine imported 

through ASCT2 for other amino acids including leucine, a key activator of the mTORC1 

kinase complex that promotes growth and proliferation [85]. ASCT2/LAT1 targeting makes 

particular sense in glutamine-dependent tumors such as B-Raf inhibitor-resistant melanomas 

[88,109]. As LAT1 supplies mTORC1 with amino acids when recruited to lysosomes by 

LAPTM4b [110], understanding the signals that regulate LAT1 intracellular trafficking will 

be important to fully appreciate LAT1’s role in tumor anabolism and mTOR activation. 

LAT1 knockdown slowed prostate cancer cell line growth particularly in combination with 

enzalutamide (MDV3100), a recently approved anti-androgen therapy [108]. LAT1 shRNA 

failed to affect NSCLC line NCI-H1299 growth on plastic, but impaired growth on 

extracellular matrix and in a xenograft model [111]. Both this study and the work with 

GLUT3 in breast cancer cells demonstrate that evaluating nutrient uptake and dependencies 

in 3D cultures is important [49]. JPH203, proposed as a more selective inhibitor of LAT1 

than BCH, limited lymphoma xenograft growth [112]. Given that JPH203 activates the 

unfolded protein response and ASCT2 and LAT1 mediated transport are coupled [85], the 

role of RNF5 [112] in the anti-cancer effects of JPH203 is worth evaluating. Knock-out 

animals [113] and the capacity to generate knockout cell lines with CRISPR-Cas9 should be 

a true boon in evaluating the specificity of the multiple agents that decrease amino acid 

import. LAT1 mediates substrate exchange across the blood brain barrier (BBB) [114]. Thus, 

disturbing amino acid transport at the BBB may have deleterious effects. Mice conditionally 

deficient in LAT1 would be valuable in order to assess whether LAT1 could be safely 

targeted in cancer therapy as deletion of LAT1 in mice results in embryonic lethality [113]. 

The success of imatinib as a therapy for BCR-Abl-driven leukemias despite the embryonic 

lethality of Abl deletion [115] supports that LAT1 should not yet be discarded as a potential 

target.

Like ASCT2, LAT1 and other CD98-associated amino acid transporters are exchangers: 

rather than concentrating amino acids in cells, they modulate their relative concentrations. 

ATB0,+ (SLC6A14) in contrast, imports all essential amino acids and glutamine and is 

highly concentrative due to coupling to transmembrane ion gradients rather than the export 

of another amino acid [83]. SLC6A14 is expressed at high levels in a subset of tumors 

including colon, breast, and pancreatic cancer but is only expressed at low levels in normal 
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cells [116]. Indeed, SLC6A14 null mice are viable and fertile, implying that therapeutics 

interfering with SLC6A14-mediated amino acid transport will be minimally toxic [95]. The 

SLC6A14-directed inhibitor α-methyl-DL-tryptophan (α-MT) inhibited the growth of an 

estrogen receptor-positive breast cancer xenograft in vivo [117], while deletion of SLC6A14 

dramatically reduced spontaneous tumorigenesis in two different genetically engineered 

mouse models of breast cancer [95]. SLC6A14 is a particularly promising target due to its 

broad substrate specificity, concentrating ability, tumor-restricted expression, and 

demonstrated role in breast cancer models in vivo. Thus, α-MT is another inhibitor of amino 

acid transport that will benefit from specificity evaluation in knockout models that are now 

available [95].

Lipid Transport—Rapid proliferation requires the synthesis of membranes, signaling 

molecules, and lipid modifications required for the activity of many GTPases, including Ras 

[118]. Lipid requirements can be satisfied by de novo synthesis or via the uptake of 

exogenous lipoprotein complexes [119]. Fatty acid synthesis in adults is mainly a specialized 

function of the liver and adipose, tissues that produce and secrete lipid-bound protein 

complexes for uptake by other organs and tissues. Most normal cells acquire lipids through 

this mechanism. Some cancer cells, however, synthesize lipids from glucose, glutamine, and 

acetate [73,77,119]. Metabolic flux experiments with isotopically labeled palmitate 

demonstrated that cancer cell lines classified as aggressive based on their increased motility, 

invasiveness, and in vivo growth rates incorporated more exogenous palmitate into structural 

and signaling lipids than less aggressive cancer cell lines that diverted palmitate towards β-

oxidation [120]. This lipid flux analysis suggests that fatty acids may be preferentially used 

for anabolism in more advanced tumors.

How fatty acids enter cells is incompletely understood [119,121,122]. Fatty acids likely 

enter by passive diffusion, but a host of surface proteins including CD36, a scavenger 

receptor with multiple functions, facilitate fatty acid uptake [123]. CD36 contributes to fatty 

acid import in many cell types but is relatively under-studied in cancer. Insulin signaling 

promotes CD36 surface localization and long-chain fatty acid uptake [124]. Insulin/IGF-1 

signaling has been associated with increased cancer risk, and fatty acid uptake via CD36 

could be relevant in certain cancers, particularly those with elevated PI3 kinase signaling. 

Some studies do link CD36 to cancer progression. In hepatocellular carcinoma, exogenous 

palmitic acid activated an EMT-like program and induced migration that was decreased by 

the CD36 inhibitor, sulfo-N-succinimidyl oleate [125]. CD36 expression was also enhanced 

in a self-renewing, stem-like cell population of glioblastoma, but not in more differentiated 

counterparts [126]. Glioblastoma cancer stem cells treated with CD36 siRNA formed 

intracranial tumors in mice more slowly, and low CD36 expression correlated with a slightly 

better prognosis in patients. While these studies imply a pro-tumorigenic role for CD36 in 

hepatocellular carcinoma, glioblastoma, and potentially other cancers, interpreting these 

results is complicated owing to the many functions and wide ligand specificity of CD36. 

Additional work to determine the extent to which CD36 contributes to cellular fatty acid 

metabolism and anabolism in cancer is merited.

Growing cells also require cholesterol to generate new cell membranes. By controlling 

membrane fluidity and lipid raft-mediated signaling, cholesterol can also promote cancer 
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anabolism indirectly. Cholesterol is emulsified into lipoprotein complexes for transport 

through the blood. Most cholesterol is contained in low-density lipoprotein particles (LDL) 

and taken up by target cells expressing the LDL receptor (LDLr) (reviewed in [127,128], 

Figure 1). Ligand binding triggers LDL receptor internalization via CME. Progress through 

the endosomal system leads to a decline in pH that releases LDL from its receptor, 

permitting LDL and the LDLr to be diverted into distinct compartments. LDL is directed to 

the lysosome where it digested releasing cholesterol and fatty acids [129], while the LDLr is 

usually recycled. Alternatively, surface LDLr that is bound by PCKS9, a serine protease that 

is secreted by hepatocytes [130], is targeted to the lysosome for degradation. Drugs targeting 

LDL uptake are widely used clinically to treat hypercholesterolemia [131]. Statins inhibit 3-

hydroxy-3-methylgutaryl (HMG)-CoA reductase, the enzyme that catalyzes the rate limiting 

step of cholesterol synthesis, increasing hepatic LDLr levels and thereby reducing 

circulating LDL [132]. Consistent with an important role for cholesterol in cancer 

anabolism, long-term statin use is associated with reduced cancer incidence and improved 

patient outcomes [131]. PCSK9 inhibitors that have been recently FDA-approved for 

hypercholesterolemia also work by increasing hepatic LDLr expression [132]. These agents 

dramatically reduce circulating LDL levels and it will be interesting to see how they affect 

cancer risk. While cancer cells can synthesize cholesterol, many up-regulate the LDLr and 

LDL is essential for some cancer cells [18,133]. For example, LDLr expression driven by 

SREBP1, a transcription factor that is a master regulator of lipid metabolism downstream of 

PI3 kinase pathway signaling, contributes to glioblastoma growth [134].

Recent work indicates that reducing LDL uptake may be a particularly valuable strategy in 

prostate cancer, a tumor type often characterized by PI3 kinase pathway activation. Prostate 

cancer does not exhibit the aerobic glycolysis characteristic of many more rapidly growing 

cancer classes [73,135,136]. Utilizing label-free spectromicroscopy methods, Yue and 

colleagues documented a dramatic increase in the accumulation of cholesteryl esters in lipid 

droplets in malignant prostate relative to normal tissue [18]. Moreover, cholesteryl ester 

accumulation was tightly correlated with aggressive disease and thus may have prognostic 

value. Cholesteryl ester accumulation depended on up-regulation of the LDLr following 

PTEN loss and PI3 kinase activation. Reducing cholesteryl ester accumulation by limiting 

LDL uptake was sufficient to slow malignant growth in vitro and in vivo, suggesting a 

potential starvation strategy for prostate cancer. Subsequent studies in PDAC have revealed a 

similar dependency on LDLr-mediated LDL uptake. shRNA-mediated knockdown of the 

LDLr disrupts cholesteryl-ester stores and sensitizes PDAC tumors to cytotoxic drugs, while 

high ldlr expression is negatively correlated with survival in PDAC patients [137]. These 

recent findings demonstrate that restricting access to exogenous cholesterol by interfering 

with LDLr-mediated uptake could be effective in multiple difficult to treat cancer classes, 

particularly in combination with other agents.

Stopping the smorgasbord: is simultaneously blocking multiple nutrient uptake pathways 
feasible?

As discussed above and shown in Figure 1, cancers depend on transporter-mediated uptake 

of glucose, acetate, lactate, amino acids, fatty acids, and cholesterol. While inhibition of 

each of these uptake pathways in isolation slows cancer growth, simultaneously 
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compromising nutrient entry through multiple transporters is likely to be much more 

effective. Competitive inhibitors of these transporters are generally not very potent, and 

toxicities limit the use of such agents as exemplified by the poor performance of 2-DG in 

clinical trials [138]. Innovative strategies to limit transporter-mediated nutrient uptake will 

be required for combination approaches to be a viable option. One approach would be to 

target molecules that control the expression of more than one transporter. Similar to 

unicellular organisms and consistent with requirement for multiple nutrients to grow, 

nutrient access pathways are coordinately regulated in mammalian cells. For example, Akt 

or mTOR activation suppresses the lysosomal degradation of glucose and amino acid 

transporters, LDL receptors, and the transferrin receptor [139]. Precisely how these kinases 

promote transporter recycling over degradation remains to be defined. As inhibition of the 

PI3 kinase/Akt/mTOR pathway is generally not sufficient to reduce surface transporter 

levels (Figure 2), understanding how oncogenic signaling modulates nutrient transporter 

trafficking could suggest new targeting strategies. Another example of transporter co-

regulation comes from a study identifying cargo for the Arf6 GTPase that controls traffic 

through the CIE pathway [140]. Using a proteomics to identify proteins trapped in 

endosomes by a constitutively-active Arf6 mutant, the amino acid transporter complex 

LAT1/CD98, the glucose transporter GLUT1, and the chaperone for monocarboxylate 

transporters CD147 were all identified as Arf6 cargo. While GTPases like Arf6 are 

challenging drug targets, drugs targeting GTPases have been developed [141–143]. Whether 

transporter loss contributes to the anti-neoplastic effects of an existing Arf6 inhibitor, 

SecinH3, is an open question [144–146].

Sphingolipids offer an attractive alternative strategy for coordinate down-regulation of 

multiple nutrient transporters. These lipids, named for their “enigmatic nature,” reduce 

surface levels of multiple nutrient transporters by tapping into an evolutionarily conserved 

mechanism for growth control. In heat stressed yeast, adaptive quiescence is achieved by 

down-regulating multiple amino acid permeases [147,148]. The mediator of this pro-survival 

forced starvation is the fungal sphingolipid phytosphingosine [148]. Phytosphingosine 

produces a transcriptional response that is highly overlapping with nutrient limitation, and 

preventing permease down-regulation confers resistance to phytosphingosine induced 

growth inhibition, validating that this sphingolipid phenocopies starvation [149]. While 

mammalian cells do not produce phytosphingosine, the related sphingolipid ceramide 

produces a similar response, triggering GLUT1 and CD98 internalization and selectively 

killing cancer cells through a starvation-like mechanism [150]. Ceramide triggers nutrient 

transporter loss by directly activating protein phosphatase 2A (PP2A) [150–152]. PP2A is an 

established tumor suppressor that limits proliferation suggesting that ceramide might have 

evolved to be an allosteric activator of PP2A–mediated growth arrest in mammalian cells 

under stress similar to the role of phytosphingosine in yeast [153].

Ceramide itself is extremely hydrophobic and rapidly metabolized in cells making it a poor 

drug candidate. However, the FDA-approved sphingolipid drug FTY720 phenocopies the 

effect of phytosphingosine in yeast [149] and ceramide [150] in mammalian cells [154]. 

FTY720 has excellent pharmacological properties: it is water-soluble and orally 

bioavailable. Ceramide and FTY720 kill cells at least in part through substrate limitation as 

the cell-permeable nutrients methyl pyruvate, dimethyl α-ketoglutarate, and dimethyl 
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succinate each protect treated cells from death [149,154]. FTY720-induced nutrient 

transporter loss is also mediated by protein phosphatase 2A (PP2A) activation [154]. Indeed, 

other PP2A activators like perphenazine [155] also down-regulate these nutrient transporters 

although not as potently as FTY720 (unpublished observations). Given that FTY720 induces 

a starvation-like crisis by down-regulating multiple nutrient transporter proteins, it should be 

a highly effective apical inhibitor of cancer anabolism. Indeed, FTY720 limits both leukemia 

and solid tumor growth and metastasis in multiple model systems including breast cancer, 

bladder cancer, colon cancer, and prostate cancer [156–159]. Unfortunately, although FDA-

approved, FTY720 cannot simply be re-purposed for use in cancer patients. At the elevated 

dose required for anti-cancer activity, FTY720 profoundly reduces heart rate by activating 

sphingosine-1-phosphate receptors [159–163]. Importantly, FTY720 analogues that do not 

activate S1P receptors still down-regulate nutrient transporters and kill tumor cells 

[154,159,164]. The potential of these compounds as cancer cell starvation agents is under 

evaluation.

Cancer’s big bite: Macropinocytosis supplies nutrients in bulk

As described above, growing cells acquire extracellular nutrients by using nutrient-specific 

transporter proteins and receptors to move them across the plasma membrane. However, 

cancer cells can also engulf extracellular fluid relatively non-specifically through 

macropinocytosis (Figure 1). While a positive correlation between nutrient transporter 

expression level and cancer progression has long been recognized, the anabolic role of 

macropinocytosis in cancer cells has only been recently established [165,166]. Activated 

mutants of the GTPase Ras and the cytosolic tyrosine kinase Src have long been known to 

trigger macropinocytosis, an actin-dependent process by which cells engulf extracellular 

material forming large (0.5 – 5.0 µm) vesicles that lack a protein coat [167–171]. The 

trafficking proteins associated with macropinosomes change rapidly, and there are currently 

no macropinosome-specific markers. Rather, macropinosomes are detected functionally by 

measuring the uptake of fluorescently labeled albumin, 70 kD dextran, or 70 kD Ficoll 

[172,173]. At physiologically relevant concentrations, albumin supports macropinocytosis-

dependent proliferation in cells with oncogenic KRAS mutations [165]. Importantly, 

isotopic tracing experiments confirmed that amino acids derived from extracellular protein 

were incorporated into central metabolic pathways [165]. As albumin is a fatty acid binding 

protein, macropinocytosis may also supply Ras-driven cancers with fatty acids for anabolism 

[129,174]. One caveat of the experiments defining a role for macropinocytosis in cancer 

cells is that the commonly employed macropinocytosis inhibitor, EIPA, has broad effects on 

cancer cells apart from its ability to limit macropinocytosis [175]. EIPA inhibits 

macropinocytosis by blocking the activity of Na+/H+ exchangers, causing a decrease in pH 

at the plasma membrane. The drop in pH suppresses the Rac1/Cdc42 activation required for 

membrane ruffling and extension to form macropinosomes [176]. However, given that EIPA 

blocks cell proliferation through multiple mechanisms unrelated to macropinocytosis and 

stops cell division even in nutrient replete conditions and in cells not exhibiting 

macropinocytosis, experiments to conclusively demonstrate that macropinocytosis promotes 

cancer cell growth will require more specific reagents. While not specific to the 

macropinocytosis pathway, the Rac1 GTPase and PAK serine threonine kinase are required 

for the Ras-dependent formation of macropinosomes, and inhibitors of both molecules are 
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available [142,143,177]. In addition, studies thus far have been confined largely to 

pancreatic cancer cells. Determining how broadly macropinocytosis is used to support 

cancer anabolism will be an important goal.

The lysosome as a metabolic hub with both anabolic and catabolic functions

The lysosome is commonly thought of as the trash can or recycling bin of the cell. However, 

the lysosome is required for release of exogenous nutrients from LDL particles and thus 

plays a key role in anabolism in cancer cells that are dependent on LDL uptake [18,137] 

(Figure 1). The production of amino acids from extracellular proteins delivered by 

macropinocytosis also depends on lysosomal degradation [166]. However, oncogenic 

mutations often reduce lysosomal function [178]. For example, mTORC1 suppresses 

lysosomal degradation by suppressing the activity of the MiT/TFEB family of transcription 

factors that promote lysosomal biogenesis and function [179–181]. In keeping with this, 

mTORC1 inhibitors caused a paradoxical increase in the macropinocytosis-dependent 

proliferation of Ras-driven pancreatic cancer cells under nutrient stress both in vitro and in 
vivo [166]. Thus, the disappointing results with rapamycin in human cancer patients may 

stem in part from its ability to promote lysosomal nutrient generation under certain 

conditions.

The catabolic functions of the lysosome are much better studied. Autophagy is the adaptive 

response to nutrient stress, and production of nutrients via autophagy also requires the 

lysosome (Figure 1). Autophagosome degradation generally promotes survival by promoting 

the recycling of proteins and organelles into nutrients, also preventing the build-up of 

damaging reactive oxygen species [43]. In contrast to macropinosome degradation whereby 

extracellular material is degraded in the lysosome, autophagosome degradation does not 

increase cell mass but rather recycles cellular constituents that can be used for new purposes, 

for example sustaining ATP production in starving cells. Consistent with this key role for 

autophagy in nutrient stressed cells, the MiT/TFE transcription factors that coordinate 

autophagy–lysosome dynamics are required to maintain intracellular amino acid pools in 

pancreatic cancer cells [182]. As endocytic nutrient acquisition pathways (LDL degradation 

and macropinocytosis) and autophagy converge at the lysosome, targeting this organelle 

would be potent starvation strategy. The FDA-approved anti-malarial agent chloroquine is 

commonly used as a non-specific inhibitor of autophagy because it blocks lysosomal 

acidification and thus autophagosome degradation. Although CQ and its derivative HCQ 

have shown promise in combination with chemotherapies in pre-clinical studies, clinical 

trials have thus far shown marginal to no benefit in patients, and more refined patient 

selection strategies or potent inhibitors may be required [183–185]. Moreover, the 

chemosensitizing effects of CQ in vitro and in pre-clinical models may be at least partially 

independent of autophagy, as knocking down essential autophagy proteins did not 

phenocopy the effects of CQ treatment [186]. Thus, the tumor suppressive effects of CQ 

may stem from the broader role of the lysosome in nutrient generation rather than an 

oncologic dependency on autophagy (Figure 1). Development of more selective autophagy 

inhibitors will be critical to clarify the therapeutic potential of autophagy inhibitors in 

cancer.
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The ULK1/2 kinases that initiate autophagosome formation are excellent candidates for such 

an autophagy-specific inhibitor [187,188]. Compound SBI-0206965 was directly compared 

to CQ and found to better potentiate the effect of mTORC inhibitors suggesting that ULK1/2 

inhibitors may have greater therapeutic value [188]. However, ULK1/2 inhibitors are ill-

suited to be apical inhibitors of anabolism as they only impede nutrient recycling via 

autophagy while leaving nutrient uptake via macropinocytosis and receptor-mediated 

endocytosis of LDL intact (Figure 1). This may limit their anti-tumor efficacy, particularly in 

Ras-driven cancers that sustain themselves through LDL uptake [137], macropinocytosis 

[165,166], and, in some contexts, autophagy (reviewed in [189]). Agents that inhibit all of 

these lysosomal nutrient generation pathways may already exist. The PIKfyve inhibitor 

apilimod is being evaluated in clinical trials for auto-immune and inflammatory diseases 

such as rheumatoid arthritis [190]. PIKfyve is a PI(3)P 5-kinase that modulates lysosomal 

fusion reactions and Ca2+ release [191]. Although generally well tolerated, apilimod has no 

demonstrated benefits for rheumatoid arthritis patients [192]. Because PIKfyve is essential 

for the fusion of both macropinosomes and autophagosomes with the lysosome [193,194] 

(Figure 1), it could provide a valuable target in cancer patients particularly if combined with 

other agents that induce nutrient stress. Whether PIKfyve is necessary for LDL degradation 

has not been tested. Selective inhibitors for the class III PI3 kinase VPS34 also inhibit 

autophagy and may have similar effects to apilimod as PI3P produced by VPS34 is the 

substrate for PIKfyve [195]. In summary, evaluating small molecule inhibitors of lysosomal 

degradation either alone or in combination with other agents merits further investigation as a 

means to starve cancer cells of both extracellular and intracellular nutrients,

Adapt or die: blocking metabolic adaptations to increase death in nutrient-restricted 
cancer cells

As mentioned in the introduction, lessons learned from the clinical use of targeted inhibitors 

of oncogenic signaling make it clear that stable remission or tumor regression are unlikely to 

be achieved by using targeted metabolic therapies as single agents. Tumor heterogeneity will 

limit the efficacy of all targeted therapies, and blocking primary and compensatory nutrient 

access pathways will be required for lasting and broad effects [10–13]. The anti-diabetic 

biguanide metformin is often discussed as a candidate component of metabolic combination 

therapies [196–198]. Retrospective studies in cancer patients with diabetes demonstrate a 

correlation between long-term metformin use and slower disease progression. The anti-

cancer effects of metformin have been attributed indirect organismal effects such as reducing 

circulating insulin levels and also to cancer cell intrinsic effects such as inhibition of 

mitochondrial complex I and activation of AMPK, a kinase that promotes catabolism over 

anabolism thereby limiting tumor growth. It is noteworthy that the adaptive increase in 

oxidative phosphorylation with starvation [199] would be inhibited by metformin. Indeed, 

limiting glucose is sufficient to sensitize some cancer cells to metformin [200] suggesting 

that metformin would be useful in combination with starvation agents that block nutrient 

uptake. As alluded to above, autophagy inhibitors would also block adaptive pathways and 

be useful in combinations designed to produce nutrient limitation. For example, depletion of 

the essential autophagy proteins Atg5 or Beclin1 sensitizes leukemia cells to L-asparaginase 

[90], and an FTY720 analogue that induced transporter loss synergized with the chloroquine 

to kill patient-derived leukemia cells while leaving normal peripheral blood mononuclear 
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cells unharmed [154]. Indeed, autophagy inhibitors may be a necessary component of any 

therapeutic strategy to limit exogenous nutrient uptake if tumor regression is the desired 

endpoint. Combining apical inhibitors that block nutrient access with agents targeting down-

stream anabolic enzymes may also be of value.

Food for thought: outstanding questions

Will cancer stem cells have the same metabolic dependencies as 
“differentiated” cancer cells?—The cancer stem cell (CSC) model hypothesizes that 

tumors arise from a stem-like population of self-renewing, pluripotent malignant cells 

[201,202]. CSCs display distinct growth phenotypes and drug sensitivities relative to the 

bulk tumor and are a potential source of resistant cells. How CSCs will respond to metabolic 

therapies is an important question to consider. In one recent study, acute myelogenous 

leukemia initiating cells (LICs) could be sensitized to dietary restriction by AMPK 

inhibition [203]. AMPK blockade prevented adaptive GLUT1 up-regulation suggesting that 

targeting GLUT1 could deplete LICs. In another study, leukemia stem cells were found to 

rely preferentially on oxidative phosphorylation and were unable to switch to glycolysis 

suggesting that metabolic agents targeting glycolysis would have little effect in this 

population [204]. In stark contrast, glioblastoma CSCs (termed brain tumor initiating cells, 

or BTICs) preferentially utilized oxidative metabolism but could readily switch to glycolytic 

metabolism when mitochondrial function was compromised [205]. Pancreatic CSCs also 

exhibited an increased dependence on oxidative phosphorylation [206]. Thus, CSCs may 

rely more on oxidative phosphorylation than their non-stem counterparts in a manner 

sensitive to tumor context. As metabolic reprogramming regulates stem cell fate and 

differentiation, CSCs might be forced to differentiate by metabolic therapies. α-ketoglutarate 

can maintain the undifferentiated state of embryonic stem cells in vitro [207], and alterations 

in metabolism can block differentiation [208]. Lineage commitment and epigenetic 

remodeling are also influenced by transporter expression levels in normal stem cells 

[111,209]. Given that CSC can be rare populations, it will be important to develop tools that 

can measure metabolic state in few or even in individual cells to test these possibilities. One 

such technique, NADH FLIM, has been used to monitor the balance of glycolysis and 

oxidative phosphorylation of stem cells in intestinal crypts [210] and in neural stem cells 

[211]. NADH FLIM can be performed in vivo, and if stem cells can be marked [212], 

techniques like NADH FLIM could be used to determine how their metabolism differs from 

their more differentiated neighbors. Clearly, it will be important to continue to evaluate the 

effect of starvation-like therapies on both stem and non-stem cancer cells as well as normal 

stem cell populations.

Will drugs that restrict nutrient access mimic dietary restriction?—Dietary 

restriction (DR) increases life- and health-span, by conferring protection against cellular 

stress and inflammation [213]. These benefits of DR may contribute to its ability to prevent 

cancer initiation, slow metastasis, and promote tumor regression [214,215]. Intermittent 

fasting schedules may be easier to adhere to than DR regimens yet produce many of the 

same benefits [216]. A pharmacologic agent that recapitulated these beneficial effects 

without restricting food intake would be in great demand. Agents that limit nutrient access 

and thereby increase the effectiveness of less severe DR regimens would also be of value. 
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Therapies that block access to multiple nutrients such as sphingolipids are most likely to 

mimic DR. Indeed, phytosphingosine, FTY720, and nutrient deprivation produce 

overlapping transcriptional responses in yeast [149]. The molecular mechanisms underlying 

the tumor suppressive effects of DR are incompletely defined, but likely include increased 

resistance to oxidative stress and reductions in circulating growth factors such as IGF-1 and 

insulin that attenuate PI3 kinase pathway signaling [213,215,217–220]. DR does not 

suppress the growth of tumors with hyperactive PI3K signaling consistent with the finding 

that the proliferation of these cells was IGF-1 independent [221]. However, PI3 kinase 

pathway activation would be unlikely to confer resistance to starvation on a cellular level as 

PI3 kinase and PTEN loss drive aerobic glycolysis and anabolism that sensitizes cells to 

nutrient depletion [5,222]. Short term periods of starvation also reduce circulating IGF-1 

levels, slow tumor progression [223,224], and protect normal cells from the toxic effects of 

chemotherapy [225]. As ablation of AMPK was sufficient to sensitize resistant AML 

leukemia stem cells residing in the hypoxic bone marrow niche to DR [203], suppressing 

AMPK may enhance the effects of both DR and cellular nutrient uptake inhibitors in cancer 

patients. As mentioned earlier, AMPK may have a biphasic role in cancer progression and 

AMPK inhibition may be of value in stressed tumor cells [44].

Will therapies mimicking starvation be safe in cachexic patients?—Cachexia 

describes the severe loss of muscle and adipose that occurs in 50–80% of late stage cancer 

patients [226]. This multifactorial syndrome is characterized by inflammatory cytokines and 

tumor-derived peptides that accelerate substrate mobilization, leading to undesirable weight 

loss [227,228]. Cancer cachexia is a severe problem that compromises the use of cytotoxic 

therapy and negatively impacts patient quality of life and survival [229]. There are currently 

no drugs that reverse the conditions that produce cachexia. Rather, current interventions 

manage the symptoms rather than neutralize the cause. [229].

At first blush, apical nutrient restriction strategies might seem incompatible with or even 

likely to induce cachexia. Indeed, clinicians generally encourage patients to increase caloric 

intake during chemotherapy [215]. However as mentioned above, cachexia is a systemic 

syndrome driven by inflammation and metabolic imbalances that is not caused by reduced 

food intake, and does not phenocopy dietary restriction [226]. Reducing glycolysis, and thus 

lactate production, by substrate limiting tumors may even benefit cachexic patients by 

interfering with the futile Cori Cycle by which the liver converts tumor lactate into glucose 

that feeds tumor glycolysis. Given its important role in morbidity and mortality in cancer 

patients, the effect of therapies that restrict nutrient uptake on whole body metabolism and 

cancer cachexia will be important to evaluate.

Can agents that affect endocytic trafficking act as single-agent combination 
therapies?—Thus far, most attempts at targeting cancer metabolism have centered on 

anabolic enzymes that lie downstream of specific oncogenes. Identifying targets in 

trafficking pathways might permit simultaneous inactivation of multiple nutrient access 

pathways (Figure 1). Surprisingly little is known about the proteins that regulate the 

intracellular trafficking of transporters for key anabolic nutrients. Additional studies in this 

area could provide exciting new targets – cell biologists likely have much to add to the 
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cancer metabolism field that has so far been dominated by molecular biologists and 

biochemists. Identifying molecules that are specific to macropinocytosis would be of 

particular value. This knowledge would provide tools to more accurately define the 

significance of macropinocytosis in cancer anabolism but could also lead to the development 

of therapeutic agents that specifically target this nutrient acquisition pathway that is 

activated in difficult to treat human tumors bearing activated Ras.

How can the therapeutic index of apical metabolic inhibitors be maximized?—
DR and intermittent fasting are safe and effective when properly administered. However, 

reducing food intake too severely or fasting that is too prolonged will have negative effects 

on the patient as well as the tumor. Apical metabolic inhibitors will need to be titrated to 

maximize clinical benefit while minimizing negative effects on normal tissues. A better 

understanding of the degree to which cellular starvation mimics DR in vivo may provide 

benchmarks that would facilitate optimization of dosing schedules for cellular starvation 

agents. Moreover, whether intermittent severe nutrient stress (a bad winter) provides a higher 

therapeutic index than continuous treatment with lower doses (metronomic therapy, chronic 

lack of a food supply) will be important to test empirically. Intermittent profound starvation 

seems likely to have the greatest therapeutic index. The hibernation strategy that protects 

normal cells may only be effective for short periods, while the less robust adaptive strategies 

available to cancer cells may be sufficient to resist chronic moderate nutrient deprivation of a 

degree that is tolerated by normal cells.

Concluding Remarks

Many studies cited here demonstrate both the value and feasibility of limiting nutrient access 

as an alternate approach to blocking anabolism in cancer cells. It is now clear that tumor 

heterogeneity is a very real obstacle for targeted therapies including those targeting 

metabolic pathways [6,7]. Compounds that block anabolism at the level of nutrient uptake 

may limit recurrence if they limit the number of downstream adaptive strategies tumor cells 

can use to become resistant to therapy. This class of agents may also exhibit broader activity: 

even if different oncogenic mutations shunt nutrients in different directions, blocking 

nutrient uptake would still be effective. For example, regardless of whether the carbons and 

nitrogen in exogenous glutamine end up in α-KG, nucleotides, fatty acids, or pyruvate, 

blocking glutamine import will curtail the growth of any glutamine-dependent tumor. Of 

course, understanding how glutamine is utilized in cancers with different oncogenic 

mutations will be important to develop drug combinations that hit multiple steps in the same 

pathway, a strategy validated in B-Raf mutant melanomas treated with vemurafenib and 

MEK or ERK inhibitors and EGFR driven lung tumors [11,109,230]. It is also intriguing to 

consider applying the concepts of polypharmacology to the cancer metabolism arena 

[231,232]. Identification of metabolic agents that, like imatinib, hit multiple targets could 

enhance and broaden anti-neoplastic effects. The ideal starvation agent would inhibit all four 

nutrient acquisition pathways outlined in Figure 1. By blocking both primary and adaptive 

pathways, such ideal agents or combinations of agents may produce the sustained responses 

and tumor regressions that are the goal of all those engaged in developing new cancer 

therapy regimens.
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Figure 1. 
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Figure 2. 
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Table 1

Selected agents that interfere with nutrient acquisition pathways

Therapeutic
Agent

Target Clinical Utility Cancer Ref

Nutrient Transporters

Nano-particle siRNA
delivery

GLUT3
(SLC2A3)

May be broadly applicable to all
transporters

Glioma [46]

Dapagliflozin
(Farxiga)

SGLT2
(SLC5A2)

FDA-approved to treat type 2 diabetes Pancreatic cancer [56]

AZD3965 MCT1/2
(SLC16A1/
SLC16A7)

Currently in clinical trials to treat
advanced-stage solid tumors
(NCT01791595)

Various cancers [78, 79, 80]

α-methyl-DL-
tryptophan

ATB0,+

(SLC6A14)
Blocks transport but
may not be selective

ER+ breast cancer [115]

Paclitaxel ASCT2 (SLC1A5),
SNAT2(SLC38A2)

Widely used cytotoxic agent;
induces proteasomal degradation of
transporters as a secondary effect

Breast cancer [100]

FTY720
analogs

Various
transporters

Down-regulates amino acid and
glucose transporters in a PP2A-
dependent manner

Breast cancer
Prostate cancer
Bladder cancer

[146,
148, 150–

153]

Nutrient Levels

L-asparaginase Asparagine Frontline therapy for acute
lymphoblastic leukemia

Acute lymphoblastic
leukemia

[14]

Arginase/Arginine
Deiminase

Arginine Pegylated forms of both enzymes have
been evaluated in phase I/II trials

Hepatocellular
carcinoma,
Melanoma

[17]

Statins HMG-CoA
reductase

Have anti-proliferative effects in vitro,
modest inhibition in vivo
In vivo efficacy may depend on
reduction of LDL-c

Breast Cancer [129]

Alirocumab
(Praluent)

PCSK9 FDA approved PCSK9-neutralizing
antibody; increases hepatic surface
LDLr to lower LDL-c

Has not been
evaluated

[128,
130]

Macropinocytosis

EIPA NHE-1 Non-specific inhibition of actin
remodeling and membrane extension

Pancreatic cancer [159, 169,
170]

IPA-3 Pak1 Inhibits macropinocytic uptake of
certain pathogens

Has not been evaluated [172]

EHT-1864 Rac1 Inhibits Rac1 downstream signaling
events including macropinocytosis

Has not been
evaluated

[171]

Autophagy

SBI-0206965 ULK1 Enhanced starvation and mTOR
inhibitor-induced death

Lung cancer [182]

Lysosomally-Derived Nutients

Chloroquine/
Hydroxy-
chloroquine

Lysosomotropic
agent

Disrupts lysosomal fusion degradation;
is being evaluated in a number of
cancer clinical trials as a single or
adjuvant agent

Various cancers [177–
179]

Apilimod PIKfyve Inhibits PI(3,5)P2 formation - required
for vesicle-lysosome fusion

Has not been
evaluated

[187,
188]

SAR405 Vps34 Selective inhibitor of Vps34 over other
PI3 kinases

Renal cell
carcinoma

[189]
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