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Graphical Abstract

In this review, Lobel et al. summarize the current understanding of the metabolic requirements for 

the functions of multiple types of cells in the tumor microenvironment, including tumor, immune, 

stromal, and endothelial cells; as well as the metabolic interplay between these diverse cell types.
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Over the last two decades the rapidly expanding field of tumor metabolism has enhanced our 

knowledge of the impact of nutrient availability on metabolic reprogramming in cancer. Apart 

from established roles in cancer cells themselves, various nutrients, metabolic enzymes, and stress 

responses are key to the activities of tumor microenvironmental immune, fibroblastic, endothelial, 

and other cell types that support malignant transformation. In this article, we review our current 

understanding of how nutrient availability affects metabolic pathways and responses in both 

cancer and “stromal” cells, by dissecting major examples and their regulation of cellular activity. 

Understanding the relationship of nutrient availability to cellular behaviors in the tumor ecosystem 

will broaden the horizon of exploiting novel therapeutic vulnerabilities in cancer.

Introduction

Metabolism encompasses a large array of chemical reactions devoted to energetics that 

occur in living cells, tissues, and organisms. Multiple integrated steps catalyzed by 

specific enzymes form complex metabolic pathways, providing metabolites and energy that 

support cellular activities central to life. As such, these pathways are highly conserved 

across species. Nevertheless, metabolic pathways are dynamically regulated in a complex, 

context-dependent manner to balance the anabolic and catabolic needs within a cell. It is 

increasingly appreciated that metabolic fluxes could be rewired to enable cellular adaptions 

to nutritional fluctuation. Altered metabolism, previously described in a variety of cancer 

cells, allows them to thrive through environmental challenges, including nutrient-scarce 

conditions, limited oxygen supply, immune attack, and/or clinical interventions.

Metabolic changes in both tumor and adjacent stromal cells (heterogeneous immune cell 

types, cancer associated fibroblast, endothelial cells, neuronal cells) are achieved not 

only by modulation of conventional activities of key enzymes, but also external nutrient 

sources. Moreover, multiple metabolic enzymes exhibit unexpected activities apart from 

their canonical functions, such as in the regulation of gene transcription, DNA damage 

repair, and cell fate decisions. Accumulating evidence supports an emerging paradigm 

that nutrients, metabolic enzymes and related metabolites provide multi-functional hubs to 

ensure the plasticity and adaptation of both normal and cancer cells in complex multicellular 

ecosystems within solid tumors.

In this review, we will summarize current knowledge of how external and internal 

nutrients influence metabolic pathways and stress responses which have been identified 

and elucidated in the context of cancer. We will discuss how these relationships reshape 

cancer cell status and modulate the tumor microenvironment. The article is organized by 

methodically examining principal nutrients and related intracellular pathways. We believe 

a deeper understanding of various responses to tumor microenvironmental nutrients will 

identify potential new targets for precision cancer therapeutics.

Glucose

Glucose is a key source of energy and biosynthetic material for all mammalian cells. 

It is metabolized via glycolysis into pyruvate, which can then either be shuttled into 

the mitochondria to supply carbon to the tricarboxylic acid (TCA) cycle and generate 
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adenosine triphosphate (ATP) via oxygen-dependent oxidative phosphorylation (OXPHOS), 

or be reduced to lactate via lactate dehydrogenase (LDH).1 Most mammalian cells at rest 

generate almost all ATP via OXPHOS in the presence of oxygen.2 Malignant cells, instead, 

primarily generate ATP via aerobic glycolysis and lactate secretion despite the availability 

of oxygen, a phenomenon termed the “Warburg effect”.3 Aerobic glycolysis, while less 

energetically efficient than OXPHOS, supports the generation of metabolites such as lipids, 

nucleotides, and amino acids that are required for cell growth and proliferation.4,5 As such, 

it is not surprising that cancer cell proliferation and tumor formation are impaired by 

glucose restriction, inhibition of glycolysis, or inhibition of lactate production.6–8 Growth 

factor signaling pathways such as the Kras pathway and the phosphoinositide 3-kinase 

(PI3K) pathway, which are overactivated in many malignancies, also orchestrate metabolic 

reprogramming to promote glucose uptake and metabolism.9,10

While glucose metabolism is critical for tumor cells, many other cells in the TME are 

also dependent on glucose metabolism for their metabolic functions, particularly T cells.4 

Resting T cells are largely quiescent and generate the majority of their ATP from glucose 

metabolized by OXPHOS or via fatty acid oxidation, but are poised to rapidly produce 

enzymes necessary for glycolysis after activation.11,12 T cell receptor signaling-mediated 

activation leads to rapid metabolic reprogramming to support proliferation and effector T 

effector cell functions, with increased uptake of glucose and amino acids. Knockdown of 

the glucose uptake transporter Glut1 selectively impairs glycolysis in activated T effector 

cells, as well as their growth, proliferation, and effector functions. Immunosuppressive 

regulatory T cells (Tregs), in contrast, were unaffected by Glut1 loss.13 T cell activation 

also induces growth factor signaling pathways such as Myc and the PI3K pathway, 

which both regulate activated T cell growth and proliferation in similar ways to cancer 

cells, and promote glucose uptake and glycolysis.14,15 Reciprocally, LDH activity, which 

maintains flux through aerobic glycolysis, promotes PI3K signaling, T helper type 1 (Th1) 

differentiation, and interferon-gamma (IFNg) expression in activated T cells.16,17

Dendritic cells (DCs), specialized antigen-presenting cells that potently stimulate T cell 

responses, are present in the TME in an immature and tolerogenic state until activation 

by pattern recognition receptor signaling in combination with uptake of antigen. Tumor-

infiltrating DC metabolism has been recently reviewed in depth.18 Once activated, DCs 

upregulate the chemokine receptor CCR7, and migrate out of the TME to lymph nodes 

in order to present antigen to T cells. This activation process rapidly induces a metabolic 

switch from OXPHOS to glycolysis for ATP production, and a lack of glucose or blockade 

of glycolysis with 2-deoxyglycose (2-DG) inhibited expression of activation markers on 

DCs derived in vitro.19,20 2-DG treatment also inhibited expression of CCR7 and DC 

migration in vivo.21 Similar to tumor cells or T cells, this shift to a primarily glycolytic 

metabolic program supports the generation of anabolic materials necessary for the stressful 

process of migration, especially through de novo lipid synthesis.20,22

Glucose plays a central role in the functioning of both malignant and immune cells, but 

its high rate of uptake by cancer cells may limit its availability to other cells in the 

TME.3 A study quantifying metabolites in pancreatic ductal adenocarcinoma (PDAC) tumor 

interstitial fluid (TIF) compared to plasma found that glucose was present at lower levels in 
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TIF than in plasma, though to a small degree.23 Several studies have shown that oncogenic 

cells compete for glucose with immune cells in the tumor microenvironment, and that 

this competition leads to a reduction of tumor suppressive T cell activity.24,25 Oncogenic 

expression of glycolytic genes has been shown to correlate with resistance to adoptive T 

cell therapy, potentially via decreased production of IRF1 and CXCL10, though this may 

also be due to increased recruitment of immunosuppressive myeloid-derived suppressor 

cells (MDSCs).26,27 Expression of GLUT1 in human PDAC tumor sections correlated with 

disease prognosis as well as the expression of the immune checkpoint programmed cell 

death protein 1 (PD-1) on tumor-infiltrating T cells, which could be reversed in a model of 

PDAC by tumor-intrinsic knockdown of the glycolytic enzyme phosphofructokinase.28

Collectively, these studies suggest that tumor cell glucose uptake and metabolism is a 

limiting factor for the activity of tumor-infiltrating immune cells. However, somewhat 

contrary to this conclusion, a recent study has shown that most of the glucose in the TME 

is taken up not by tumor cells, but by tumor-infiltrating myeloid cells.29 This study may 

challenge the idea that tumor cell glucose uptake limits glucose uptake by intratumoral 

T cells or drives T cell dysfunction. Instead, T cell functions and metabolic fitness may 

be hindered by other unknown factors present in the TME. T cells isolated from both 

human and murine tumors had reduced mitochondrial mass and function related only to 

activation in the TME.30 A similar study found that CD8 T cells from clear cell renal cell 

carcinoma (ccRCC) tumors were functionally defective and unable to effectively take up 

and metabolize glucose, likely also due to their small and fragmented mitochondria.31 A 

follow up study demonstrated that intratumoral T cell effector functions could be rescued 

by costimulation with CD28 via restored T cell glycolytic capacity.32 Glucose uptake 

also regulates the functions of myeloid cells, as loss of GLUT1 inhibits macrophage 

phagocytosis.33

Although inhibition of glycolysis could represent a promising avenue to target tumor 

metabolism, it is possible that the importance of glucose in tumor-infiltrating immune 

populations may limit its effectiveness. The requirements for glucose in immune cell 

functions, however, are nuanced. While T short-term effector functions of T cells are 

supported by glucose metabolism, formation of long-lived memory T cells appears to 

be inhibited by flux through glycolysis.34 Overexpression of the glycolytic enzyme 

phosphoglycerate mutase-1 in CD8 T cells adoptively transferred into mice impaired their 

survival and proliferation in vivo. In the same model, treatment with the glycolysis inhibitor 

2-DG during ex vivo activation of CD8 T cells increased the formation of memory cells, as 

well as their antitumor effectiveness.34 Inhibition of the signaling and metabolic regulator 

AKT also led to increased persistence and antitumor effectiveness of T cells after transfer.35 

Inhibition of glycolysis may also modulate myeloid cells in the TME in beneficial ways. 

Treatment with 2-DG was found in a separate study to limit the recruitment MDSCs via 

decreased tumor cell production of the cytokines granulocyte colony stimulating factor (G-

CSF) and granulocyte-macrophage colony stimulating factor (GM-CSF).27 One alternative 

strategy might be to solely target tumor cell glycolytic metabolism. Using nanoparticle-

based delivery of a prodrug of the pyruvate dehydrogenase kinase inhibitor DCA, selective 

inhibition of glycolysis in oncogenic cells in combination with anti-PD1 therapy was shown 
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to increase the number of tumor-infiltrating lymphocytes in a murine model of colon 

cancer.36

Lactate

The majority of glucose taken up by cancer cells is converted to lactate via lactate 

dehydrogenase (LDH) and then secreted.3 This process, which regenerates nicotinamide 

adenine dinucleotide (NAD+) from its reduced form, NADH, is required to allow glycolysis 

to proceed unimpeded.37 The primary lactate transporters expressed on cancer cells are 

monocarboxylate transporters (MCT) 1, 2, and 4, with MCT4 being the main transporter 

by which highly glycolytic cells export lactate.38,39 The high level of lactate secreted from 

oncogenic cells into the TME has many beneficial effects for tumors, both through effects 

mediated by lactate itself and those mediated by intratumoral pH. While we will focus on 

lactate’s direct functions, the effects of intratumoral acidosis are exceptionally important 

and have been previously reviewed.40 Lactate can activate signaling or metabolic pathways 

as a ligand for the G-protein coupled receptors GPR81 and GPR132.41 GPR81 is critical 

for the survival of PDAC cells and upregulates the expression of both MCT1 and 4, as 

well as CD147, which is required for their trafficking to the plasma membrane.42 Autocrine 

activation via lactate of GPR81 in breast cancer cells also upregulates programmed death-

ligand 1 (PD-L1) to suppress anti-tumor immune activity.43

Lactate has broad effects on both myeloid and lymphoid immune populations, 

which have recently been extensively reviewed (Figure 1).41,44 Tumor-derived lactate 

inhibits macrophage inflammatory cytokine production and polarizes TAMs towards an 

immunosuppressive phenotype via multiple signaling pathways, including but not limited to 

HIF1a, ERK/STAT3, the odorant receptor OLFR78, and GPR132.45–49 Administration of 

lactate has been shown to reduce inflammation in models of pancreatitis, hepatitis, acute 

liver injury, and intestinal inflammation via the modulation of macrophage activity.50,51 

It has recently been discovered that lactate can regulate chromatin accessibility and 

gene expression via post-translational addition of lactate to histones, a process known as 

lactylation. In M1-polarized macrophages, histone lactylation increases the expression of 

genes classically expressed by immunosuppressive macrophages, as well as genes associated 

with wound healing.52 High concentrations of lactate shift monocyte metabolism towards 

OXPHOS and an anti-inflammatory phenotype, inhibit inflammatory cytokine secretion 

after LPS stimulation, and inhibit monocyte migration while promoting the motility 

of tumor cells.53,54 Tumor cell lactate production via LDH supports the generation of 

immunosuppressive MDSCs while also inhibiting the cytolytic effects of natural killer (NK) 

cells.55 In a model of pancreatic cancer, radiation-induced tumor cell lactate production 

promoted anti-inflammatory MDSC activity via HIF1α and GPR81 signaling.56 GPR81 

signaling has also been implicated in lactate’s suppressive effects on antigen presentation 

by tumor-infilitrating dendritic cells.57,58 Lactate exposure tends to inhibit the functions of 

antitumor T cells. Lactate inhibits CD4 and CD8 T cell migration as well as CD8 T-cell 

mediated cytolysis.59 Tregs, by contrast, are able to function in environments with lactate 

levels due to FOXP3-mediated suppression of both glycolysis and Myc expression.60 Lactate 

also polarizes CD4 T cells towards Th17 differentiation, and can additionally induce a Treg 

phenotype in Th17 cells.61,62
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Although long treated as a mere waste product that contributes to intratumoral acidosis, 

lactate also represents an important source of fuel for both malignant and non-malignant 

cells (Figure 1). Lactate can be shuttled between hypoxic cancer cells in the “core” of 

a tumor, which secrete it via MCT4, and tumor cells in regions with more abundant 

oxygen that take it up via MCT1 and utilize it to fuel OXPHOS.63,64 A study using in 
vivo administration of [U-13C]-labeled lactate demonstrated that both human and murine 

non-small cell lung cancer tumors utilize lactate as a primary source of fuel for the TCA 

cycle.65 This phenomenon also occurs in prostate tumor cells, which take up lactate supplied 

primarily by cancer-associated fibroblasts (CAFs) and proceed to increase lipid uptake into 

lipid droplets, as well as the expression of genes relating to lipid metabolism and storage.66 

A separate study found that contact with prostate cancer cells induced CAFs to increase 

their expression of glucose transporters, engage in aerobic glycolysis, and secrete high levels 

of lactate.67 Reciprocally, prostate cancer cells take up decreased levels of glucose and 

increased levels of lactate via MCT1 after contact with CAFs. Tumor cell secretion of lactate 

can also stimulate angiogenesis via increased reactive oxygen species (ROS) in endothelial 

cells that take lactate up.68 It should be noted that non-tumor tissues can also utilize lactate 

as a source of energy. Using [U-13C] lactate infusion, Hui et al. found that while lung and 

pancreatic tumors utilize more lactate than glucose to generate TCA cycle intermediates, 

non-tumor-bearing mice infused with [U-13C] lactate turn it over at the highest rate of any 

metabolite studied, with high levels of labeling of TCA cycle metabolites. During fasting, 

lactate was found to contribute to TCA cycle metabolite pools in all tissues aside from the 

brain.69

Given the many advantages that tumor cells gain from either importing or exporting lactate, 

inhibition of MCT1 and/or MCT4 represents a potentially potent therapeutic strategy against 

multiple types of cancer. Inhibiting MCT1 in a model of squamous cervical cancer led 

to reduced tumor growth due to the inability of cancer cells to take up lactate to power 

OXPHOS.70 MCT1 inhibition was also shown to increase oxidative metabolism in models 

of colon cancer and lymphoma, and could be combined with the electron transport chain 

complex I inhibitor metformin to reduce this metabolism and impede tumor growth in 
vivo.71 Dual inhibition of MCT1 and MCT4 was also found to synergize with metformin 

treatment to reduce tumor growth in multiple models of cancer.72,73

Glutamine

Glutamine, the most abundant plasma amino acid, is taken up avidly by proliferating cells 

and used as a source of nitrogen for biosynthetic processes, as well as a source of carbon for 

anabolic metabolites. The full extent of glutamine metabolic pathways and their relevance 

to cancer have been extensively reviewed previously, but will be briefly summarized here 

(Figure 2).74,75 The most well-studied glutamine metabolic pathway is glutaminolysis, 

in which glutamine is trafficked into the mitochondria and converted into glutamate by 

the rate-limiting enzyme glutaminase (GLS). This glutamate can be utilized to produce 

glutathione via glutathione synthetase, generate aspartate or alanine via GOT1 and GPT1 

respectively, or be converted into alpha-ketoglutarate (α-KG) via glutamate dehydrogenase 

(GDH) and enter into the TCA cycle.75 The process of glutamine contributing to TCA 

cycle metabolites, known as TCA cycle anapleurosis, serves to maintain metabolite pools 
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in highly proliferative cells, as metabolites such as citrate and aspartate (via oxaloacetate) 

can be trafficked out of the mitochondria and utilized to produce fatty acids and nucleotides, 

respectively.75 Glutamine also acts as a source of nitrogen to contribute to O- and N-linked 

glycosylation of proteins, in combination with products of glycolysis, via the hexosamine 

biosynthetic pathway (HBP), as well as to the de novo production of nucleotides.76,77 Lastly, 

glutamine promotes molecular target of rapamycin complex 1 (mTORC1) signaling via 

both leucine-dependent and leucine-independent mechanisms.78–80 These varied metabolic 

functions render glutamine “conditionally essential” for highly proliferative cells, including 

both immune and cancerous cells.81

Perhaps due to this key role in supporting cell proliferation, glutamine uptake and 

metabolism are promoted by several oncogenes. MYC is well known to promote the 

expression of glutamine transporters such as SLC1A5 (also known as ASCT2), the main 

glutamine transporter expressed in cancer cells, and SLC7A5, a glutamine-leucine antiporter 

involved in mTORC1 activation, as well as critical glutamine metabolic enzymes such as 

GLS.82,83 Oncogenic KRAS promotes glutamine metabolism and transport; tumor cells 

expressing high levels of KRAS require flux through SLC7A5 for growth, and KRAS-

mutant tumors that lack KEAP1 expression utilize glutamine as the main carbon source 

for the TCA cycle.84–86 HIF1α and mutant P53 have also been implicated in promoting 

glutamine uptake and metabolism.87,88 EGFR activation drives flux through glutaminolysis 

via the MEK/ERK pathway, which mediates its effects on glutaminolysis via GDH.89 

Additionally, the tumor suppressor protein RB downregulates the expression of SLC1A5.90

Tumor cells rely largely on glutamine supplied from plasma, but cells in the TME contribute 

to these pools as well. In a murine model of ovarian cancer, glutamine generated by CAFs 

via glutamine synthetase (GLNS) and secreted into the TME was found to be critical for 

the growth of tumor cells. Nanoparticle-targeted siRNA knockdown of both CAF Glns and 

tumor cell Gls generated a “synthetic lethal” phenotype that significantly decreased tumor 

growth.91

While glutamine is an essential metabolite to support tumor cell growth, it has many roles 

in immune cells as well. Resting T cells, as mentioned previously, are largely quiescent 

with low rates of metabolism and glutamine uptake, but reprogram their metabolism after 

activation to support rapid proliferation, cytokine production, and effector functions.12 

Similarly to oncogenic cells, activated T cells significantly upregulate C-MYC expression 

and MAPK/ERK signaling, leading to increased glutamine uptake and metabolism.15,92 

Glutamine deprivation was found to impair activation-related growth and proliferation, but 

these functions could be partially restored by adding back nucleotides or polyamines.15 

Additionally, along with products of glycolysis, glutamine is necessary to fuel flux through 

the hexosamine biosynthetic pathway, which produces the substrates for O- or N-linked 

glycosylation of proteins.77 O-linked glycosylation in particular has proven critical in 

the regulation of T cell signaling and cytokine production.93,94 Glutamine metabolism 

also regulates the differentiation and functions of T cells after activation. Inhibition 

of glutaminase prevents Th17 differentiation while promoting Th1 and CD8 T cell 

differentiation and effector functions via upregulation of Tbet.81
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Given the high levels of glutamine uptake by cancer cells, as well as the requirements for 

glutamine in T-cells, competition for glutamine between cancer and T cells in the TME may 

exist. Unlike glucose, the majority of glutamine that enters the TME appears to be taken 

up by cancer cells.29 One recent study found that effective treatment of a model of lung 

cancer with immune checkpoint blockade required glutamate release into the TME for CD8 

T cell activation, and that this activation was impaired by treatment with an inhibitor of 

glutamine metabolism.95 A separate study showed that knockout of tumor cell glutaminase 

in triple negative breast cancer tumors increases both the concentration of glutamine in 

tumor interstitial fluid (TIF) and levels of activation of cytotoxic T cells, leading the authors 

to propose a “glutamine steal” hypothesis, wherein low glutamine availability in TIF due to 

tumor cell uptake of glutamine impairs anti-tumor immunity.96 However, glutamine levels in 

TIF across tumors and types of cancer are likely highly variable and context-dependent. In 

PDAC tumor TIF, glutamine concentrations were almost identical to those found in plasma, 

indicating that it may not limit immune cell function.23 Additionally, glutamine deprivation 

may serve to polarize tumor-infiltrating myeloid cells towards a more anti-tumor phenotype. 

Macrophages, in particular, when cultured in glutamine-deprived media or with inhibitors 

of glutaminolysis, were polarized towards an M1-like phenotype.97,98 Targeting macrophage 

glutamine synthetase via pharmacologic or genetic means polarized macrophages towards a 

more immune-suppressive phenotype and augmented their ability to recruit T cells.99 It is 

clear that more study is required into the intratumoral availability of glutamine and its effects 

on tumor-infiltrating immune cells across many tumor types.

The central role of glutamine in supporting tumor cell growth and proliferation represents 

a potential metabolic vulnerability in cancer cells, and so several inhibitors of glutamine 

metabolism and uptake have been developed to target this vulnerability.

The pan-glutamine antagonist 6-Diazo-5-oxo-L-norleucine (DON) potently and irreversibly 

inhibits all glutamine-utilizing enzymes and has long been noted to be effective against 

preclinical models of cancer, but failed several clinical trials due to its harsh side effect 

profile.100 The next compound to be tested clinically was CB-839, a selective GLS 

inhibitor that potently inhibits the growth of several types of cancer in vitro, but has 

had mixed results in in vivo models of cancer.101–105 While initially promising, it has 

had mixed results in clinical trials in combination with mTOR inhibitors or conventional 

chemotherapeutic agents.106,107 This relative lack of in vivo efficacy has been attributed 

to the ability of oncogenic cells to rewire their metabolism to depend less on the products 

of glutaminolysis, and has thus led to refocused interest in compounds that broadly target 

glutamine metabolism or uptake.104

In order to broadly target glutamine metabolism while minimizing toxicity, prodrugs of 

DON have been developed that contain moieties designed to be selectively cleaved by 

tumor cells or in the tumor microenvironment. JHU-083, the first of these compounds 

to be tested extensively, inhibits the growth of several in vivo models of cancer, while 

also polarizing the immune microenvironment to a more pro-inflammatory state. Despite 

the long-noted requirement for glutamine in activated T cells, JHU-083 counterintuitively 

does not impede and in fact stimulates anti-tumor T cell activity.108 This unexpected 

benefit is due to the ability of activated T cells to reprogram their metabolism to utilize 
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acetate as fuel for the TCA cycle, in contrast to tumor cells, which also leads to synergy 

between JHU-083 and anti-PD1 immune checkpoint blockade.108 JHU-083 was also shown 

to reduce the recruitment of immune suppressive MDSCs to the tumor microenvironment 

via reduced tumor production of CSF1, and additionally increased MHCII expression in 

macrophages due to reduced tumor indoleamine-2,3-dioxygenase (IDO) activity and lower 

production of the immunosuppressive metabolite kynurenine.109 A second prodrug of DON, 

DRP-104, has only recently been developed but is already in human trials. Like JHU-083, 

DRP-104 is selectively converted to DON by oncogenic cells, induces the generation of a 

more inflammatory tumor immune microenvironment, inhibits the growth of several in vivo 
cancer models, and synergizes with immune checkpoint blockade in those models.110

The second class of compounds developed to more broadly target glutamine metabolism 

are amino acid transporter blockers, the most well-studied of which is V9302. V9302 

selectively and potently inhibits SLC1A5, the glutamine transporter most highly expressed 

in oncogenic cells.111 In contrast to DON and its prodrugs, V9302 does not inhibit 

glutaminergic metabolic pathways or the intracellular production of glutamine via glutamine 

synthetase.100,111 V9302 has been shown to effectively inhibit in vivo tumor growth as a 

monotherapy and to synergize with immune checkpoint blockade, tyrosine kinase inhibitors, 

as well as cytotoxic chemotherapy.96,111–116 In multiple myeloma, V9302 was shown to 

synergize with proteasome inhibitors.117 Jin et al showed that V9302 in combination with 

CB-839 potently inhibited the growth of a model of liver cancer to a greater extent than 

either compound alone by reducing glutathione and increasing ROS, indicating that there 

may be merit to combining multiple approaches that target glutamine.118

Leveraging Amino acid dependency for therapeutic purposes

Amino acids (AAs), structural units of proteins, constitute an important energy source 

for cancer cells. There are non-essential AAs (NEAAs) such as alanine, arginine, serine, 

glutamine etc., which are produced in healthy cells. There are also dietarily obtained 

essential AAs (EAAs) including methionine and tryptophan, as well as three branched chain 

amino acids (BCAAs): leucine, isoleucine, and valine. To meet the increased demand for 

AAs, cancer cells need to coordinate AA uptake, biosynthesis and catabolic processes.119 

Cancer cells develop a dependency on both NEAAs and EAAs.

Cancer cells can have selective dependency on amino acids, making some better targets 

than others.120 Three main approaches to target amino acid metabolism are available: 

inhibiting AA transporters, targeting biosynthesis and depleting AAs directly. Targeting 

AA transporters is often not the best approach due to redundancies in the transporter 

family. Previous studies showed that phosphoglycerate dehydrogenase (PHGDH), the 

enzyme involved in serine biosynthesis, is commonly amplified in various cancers such 

as melanomas and breast cancers.121 PHGDH inhibitors were recently developed and have 

been shown to be efficacious in reducing breast cancer cell and xenograft growth.122,123 To 

deplete AAs directly, asparaginase (ASNS), which breaks down asparagine from aspartate, 

has become an essential component in acute lymphoblastic leukemia (ALL) therapy.124 

Despite distinct dependencies among cancer types, regions within one tumor can also have 

distinct metabolic profiles that could sensitize them to novel therapeutic interventions. Pan 
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et al. showed that tumor “cores” are much lower in many amino acids including arginine, 

asparagine, glutamine, serine, and aspartic acid compared to the tumor periphery.125 They 

found that low glutamine in the tumor core leads to BRAF inhibitor (BRAFi) resistance. 

H3K27 hypermethylation mediates the low glutamine-induced resistance. EPZ005687, an 

inhibitor of H3K27me3, mitigates BRAFi resistance and reduces overall tumor volume.

Surrounding cell types provide amino acids to cancer cells

Other cell types in the TME are important sources of AAs for tumor cells.126 Resistance 

mechanisms have been reported following ASNS therapy for ALL treatment.127,128 Bone 

marrow-derived mesenchymal cells express ASNS at levels almost 20-fold higher than ALL 

cells, secreting asparagine to cancer cells and sparing them from ASNS cytotoxicity.128 

ASNS also hydrolyzes glutamine to glutamate, leading to a decreased level of glutamine, 

which is also a dependency for ALL cells.127 A study by Ehsanipour et al. showed 

that adipocytes protect leukemic cells from ASNS cytotoxicity by glutamine secretion, 

and obesity significantly impairs ASNS therapy in mice with ALL implant.127 Pancreatic 

cancer is characterized by dense desmoplasia and represents another classic example of 

obtaining AAs from surrounding CAFs. Pancreatic stellate cells (PSCs), a major type of 

pancreatic CAF, secrete alanine to fuel PDAC growth by serving as a major carbon source 

for biosynthesis.126 Interestingly, alanine secretion is dependent on PSC autophagy, as 

autophagy inhibition in PSCs significantly decreases alanine secretion and tumor growth 

in cancer cell-PSC co-injection models. A recent study from the same group identified 

a selective alanine transporter, SLC38A2, mediating PDAC-PSC crosstalk.129 PDAC cells 

lacking this transporter failed to concentrate intracellular alanine, leading to metabolic crisis 

and profound tumor regression. In addition to directly secreting AAs, CAFs can secrete 

branched chain keto acids (BCKAs) to fuel PDAC growth.130 CAF-secreted BCKAs act as 

substrates for de novo synthesis of BCAAs via the enzyme BCAT2, and newly synthesized 

BCAAs contribute to protein synthesis and cancer growth. CAFs are an important player 

in the ovarian cancer TME, as they facilitate ovarian tumor growth, proliferation, and 

metastasis.131 As mentioned above, in high grade ovarian cancer, stromal CAFs significantly 

upregulate glutamine anabolic pathways, and secrete glutamine to promote cancer cell 

growth.91

In addition to CAFs, other cell types such as peripheral neurons can provide key amino 

acids to cancer cells, as noted by Banh et al.132 In that study, neurons were shown to 

upregulate serine secretion to PDAC cells under serine depleted conditions. While axons 

might be in nutrient-poor tumors, neuronal cell bodies can obtain abundant nutrients from 

circulation. Axons release serine to support the survival of a subset of exogenous serine 

dependent human PDAC cells under serine/glycine deprivation. Serine deprivation results 

in an inhibited mRNA translation on two serine codons (TCC and TCT), but also leads 

to a selective translation and secretion of nerve growth factor (NGF) to promote nerve 

innervation around tumors.

Lobel et al. Page 10

Cell Chem Biol. Author manuscript; available in PMC 2024 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Macropinocytosis and autophagy contribute to intracellular amino acid 

pools

In addition to uptaking a specific AA, cancer cells evolve mechanisms to import 

proteins in a non-selective manner known as macropinocytosis, providing AA after protein 

breakdown.133,134 Macropinocytosis is a highly conserved endocytic process wherein fluid 

and other nutrients are taken up through macropinosomes.133 Macropinosomes are formed 

in an actin-dependent process which pushes membranes inward to form membrane vesicles. 

Commisso et al. showed that Ras-transformed cells use macropinocytosis to transport 

extracellular proteins such as albumin into the cells.133 The subsequent degradation of 

albumin supplies AAs such as glutamine to support tumor biosynthesis. Macropinocytosis 

inhibition using EIPA leads to tumor regression in RAS-mutant PDAC xenografts but 

not RAS-WT cell implants.133 A recent study showed that macropinocytosis renders 

PTEN-null PDAC cells resistant to mTOR inhibition.135 Macropinocytosis-mediated protein 

scavenging restores phosphorylation of AKT, leading to recovered proliferation under 

mTOR inhibition. A separate paper suggested that macropinocytosis is also employed by 

non-RAS-transformed cancers such as hepatocellular carcinoma (HCC) under hypoxia.136 

Under hypoxia, HIF1 induces HCC cell macropinocytosis by activating EHD2, a protein 

important in actin remodeling and membrane ruffling.136 Not only is macropinocytosis 

used by cancer cells, it is also used by CAFs.137 It was shown that under glutamine 

deficiency, macropinocytosis was upregulated in CAFs through CaMKK2-AMPK signaling. 

Macropinocytosis enhances CAF fitness, rendering them better at secreting amino acids to 

promote tumor survival. CAFs deficient in macropinocytosis fail to support tumor growth in 

a co-injection model.137

Autophagy is a physiological cellular process for degrading cytoplasmic constituents by 

delivering them to lysosomes. It is another adaptive mechanism used by several types of 

cancers under metabolic stress, although it is reported to have both tumor-promoting or 

tumor-restraining roles.138 Nutrient starvation is the most typical trigger for autophagy, 

although sensitivity can vary depending on which AA is deficient and the type of tissue.139 

Pancreatic cancer is one of the cancers which relies on autophagy for survival. Inhibition 

of autophagy using chloroquine decreases PDAC tumor burden. In addition, combination 

of ERK and autophagy inhibition have synergistic effects on slowing tumor growth.140 

Autophagy inhibition can lead to impaired mitochondrial functions, increased reactive 

oxygen species, and DNA damage.141 Recent studies have started to shed light on the 

metabolic substrates autophagy provides to PDAC. Autophagy was shown to maintain 

cysteine homeostasis by regulating the localization of SLC7A11.142 It was shown that 

under cysteine deficiency, SLC7A11 localizes to the plasma membrane via associating 

with LC3, which is essential to transport SLC7A11 along microtubules. Under autophagy 

inhibition, SLC7A11 is phosphorylated and translocated to lysosomes. Another recent 

paper showed that autophagy can select ferritin for degradation via nuclear receptor 

coactivator 4 (NCOA4), releasing iron to fuel PDAC growth.143 Ferritin targeted autophagy, 

also called ferritinophagy, supports iron-sulfur cluster protein synthesis to maintain 

mitochondrial homeostasis in pancreatic tumors. Ncoa4 knockout improves survival of 
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PDAC-bearing GEMM, and enhanced ferritinophagy via Ncoa4 overexpression accelerates 

PDAC initiation.

Lipid dysregulation and alternative sources for lipid homeostasis

Lipids represent a complex family of hydrophobic biomolecules with significant impact on 

signaling, as well as energy storage and production. In addition, they are also the building 

blocks of cellular membranes. Major classes of lipids include sterols, monoglycerides, 

diacylglycerides (DGs), triglycerides (TGs), phospholipids, and glycolipids. The basic 

components of most lipids are fatty acids (FAs) and a glycerol backbone. FAs contain 

one or more hydrocarbon chain(s) that vary in the presence of double bonds and the 

number of carbon atoms, and can be saturated, monounsaturated, and polyunsaturated.144 

Polyunsaturated fatty acids (PUFAs), containing two or more double bonds, are essential and 

must be dietarily obtained. In contrast to PUFAs, monounsaturated fatty acids (MUFAs) can 

be made by humans via de novo synthesis or incorporation from diet.

De novo lipogenesis in adults is largely restricted to the liver, adipose tissues, and lactating 

breast. However, cancer cells reactivate FA biosynthesis as a potential adaptive mechanism 

to cope with limited availability of serum lipids in the TME.145 Multiple studies since 

the 1970s have shown that increased lipogenesis is essential for tumor growth.145 Elevated 

expression of fatty acid synthase (FASN) was correlated with poor prognosis in cancers 

such as colon, lung, prostate, and others.146,147,148 The FASN inhibitor TVB-2640 is 

currently in phase I trials in solid tumors, with promising results either as a monotherapy 

or in combination with paclitaxel. Responses have been observed in multiple cancer types, 

including ovarian cancer, breast cancer and KRASmut NSCLC.149

Normal cells use glucose as the main substrate for acetyl-CoA and subsequent lipid 

synthesis. However, in cancer cells, glucose is shunted away from entering the TCA cycle, 

inhibiting glucose-based acetyl-CoA generation.150,151 To circumvent this challenge, cancer 

cells rely on glutamine and acetate as alternative sources for lipid synthesis.152,153 Cancer 

cells live in metabolically stressed conditions, and studies have shown that in vivo conditions 

are best mimicked by culturing cells under low serum and hypoxia.154,155 An siRNA screen 

of lipid metabolism targets found acetyl-CoA synthetase 2 (ACSS2) as one of the top hits 

under low serum and hypoxia.154 Upregulation of ACSS2 is observed in breast and prostate 

cancers and correlated with a poor prognosis. ACSS2 upregulation enhances the ability of 

cancer cells to utilize acetate, which was shown to be an important source of lipid synthesis 

under hypoxia.154,156

A significant heterogeneity in metabolic profiles exists in solid tumors. More or less 

proximity to vasculature might contribute to oxygen and nutrient gradients in different tumor 

regions.157 Hypoxic cancer cells are dependent on exogenous lipids for proliferation and 

survival,158,159 and several possibilities were proposed to understand the reason behind their 

lipid auxotrophy. Hypoxia could directly limit substrates for desaturation reactions. Stearoyl 

CoA desaturase 1 (SCD1), a rate limiting enzyme for MUFA production, requires NADPH 

and molecular oxygen to function. MUFAs significantly rescue hypoxic cancer cell death 

when deprived of exogenous lipids.155 A recent study suggested that hypoxia reduces NAD+ 
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regeneration via the electron transport chain (ETC), leading to decreased lipid biogenesis.156 

They found that lipid synthesis has a significantly higher NAD+ consumption than the 

production of other biomolecules, and the limitation of NAD+ regeneration is a bottle neck 

for lipid synthesis under hypoxia. ETC inhibition under normoxia mimics the effect of 

hypoxia on cancer cell proliferation and lipid synthesis. Acetate also appears to bypass 

NAD+ requirements and rescue proliferation in hypoxic cells.

Despite an overall decrease in lipid synthesis under hypoxia, SCD1 expression is frequently 

dysregulated in various human cancers, and correlated with cancer aggressiveness, stem-like 

features and chemoresistance.160, 161, 162 The tumor promoting function of SCD1 was 

thought to be unsaturated FA-dependent.9 A recent study by Lien et al. showed that caloric 

restriction slows tumor growth via impairing SCD activity and causing lipid imbalance.163 

SCD activity is required for cancer cells under exogenous lipid limitation, and reinforced 

expression of SCD diminishes the beneficial effects of caloric restriction on controlling 

tumor growth. However, some cancer cells are not sensitive to SCD inhibition under lipid 

deprivation. It was recently shown that fatty acid desaturase 2 (FADS2) is upregulated and 

becomes a dependency in liver and lung cancer lines under SCD inhibition.164 FADS2 

synthesizes sapienate, which contains a double bond at the Δ6 position in contrast to the 

Δ9 position in palmitoleic acid produced by SCD.144 Sapienate and its elongation product 

cis-8-octadecenoate are used for membrane synthesis, rescuing SCD-independent cell death 

under lipid deprivation.164

Lipid scavenging from CAFs and adipocytes

For cancer cells that are not sensitive to SCDi, lipid uptake from exogenous sources is 

another adaptive mechanism they employ. Oncogenic Ras transformation in immortalized 

baby mouse kidney (iBMK) cells mimics the effects of hypoxia in terms of FA scavenging, 

elevating lysophosphatidylcholines (LPCs), especially LPCs with unsaturated fatty acyl 

chains.165

CAFs may be one of the major sources of exogenous lipids for cancer cells. It was shown 

that LPCs secreted from activated pancreatic stellate cells are used by PDAC cells to 

support membrane synthesis.166 In addition, LPC can be converted to lysophosphatidic acids 

(LPA) in the extracellular space by the secreted enzyme autotaxin. LPA can serve as a 

potent pro-growth and pro-migration signaling molecules in cancers.166,167 In colon cancer, 

Gong et al. showed that CAFs promote colorectal cancer cell (CRC) migration through 

lipid secretion.168 Co-culturing CAFs with CRCs reshaped CRC lipidome by increasing the 

overall abundance of DGs, TGs, phosphatidylcholines (PCs) and phosphatidylethanolamine 

(PEs). In addition, long chain poly-unsaturated fatty acyls are preferentially taken up by 

the CRCs. FASN inhibition in CAFs and inhibition of CD36, one of the most abundant 

fatty acid transporters, decreased CRC migration. Furthermore, another study also showed 

that PCs with unsaturated acyl chains are secreted by CAFs, and they support CRC growth 

metastasis by enhancing membrane fluidity.169

In addition to CAFs, cancer-associated adipocytes (CAAs) could also support tumor growth 

by secreting fatty acids and growth factors.170,171,172 Adipocytes near cancer cells are 
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usually observed with smaller sizes compared to more distal adipocytes, with a decrease 

in TG stores.173 Cancer cells can trigger lipolysis in intra-or peri-tumoral adipocytes and 

even a global lipolysis program to induce muscular atrophy (cachexia syndrome).174 Co-

culture of omental adipocytes with ovarian cancer cells stimulates fatty acid uptake through 

upregulating CD36. CD36 inhibition reduces ovarian cancer tumor burden and metastasis by 

potentially reducing FA and cholesterol supply.175 A study by Tabe et al. showed that bone 

marrow (BM) adipocytes support survival of acute monocytic leukemia (AMoL), a subtype 

of acute myeloid leukemia. BM adipocytes prevent the spontaneous apoptosis of AMoL 

cells by providing free FAs which are transported by CD36 and used as signaling molecules 

to activate fatty acid oxidation (FAO) and anti-apoptotic programs.176 In addition to getting 

free FAs from stromal cells, it was shown that cancer cells secrete lipoprotein lipase (LPL) 

to hydrolyze extracellular triglycerides in lipoproteins circulating in the bloodstream. LPL, 

in the presence of lipoproteins, stimulates cancer cell growth.177

We provide a list of aforementioned nutrient-dependencies in Table 1.

Targeting ER stress responses and integrated stress responses in cancers

Multiple stressors in the tumor microenvironment, either cell intrinsic or extrinsic, 

can trigger stress responses. Endoplasmic reticulum (ER) stress responses, also called 

unfolded protein responses (UPR), can be stimulated by hypoxia, nutrient deprivation, 

acidic pH, upregulated protein anabolism and secretory activity.178 The UPR is mediated 

by three major sensors: PKR-like ER kinase (PERK), inositol-requiring enzyme-1α 
(IRE1α) and activating transcription factor 6α (ATF6α). These three sensors reside in 

the ER membrane and can detect membrane composition changes and misfolded proteins. 

Pathways mediated by PERK, IRE1α and ATF6α are non-redundant and coordinate 

well-controlled molecular events in cells. It was previously reported that only severe 

oxygen deprivation (<1%) activates UPR,179 raising the possibility that ER stress elevation 

is spatially controlled in tumor cells with a different oxygen gradient.178 In addition, 

the magnitude of ER stress can have differential outcomes on the malignant cells. 

Moderate ER stress fueled by oncogenic changes and TMEs can promote cancer cell 

proliferation,180,181,182,183,184,185metastasis,186,187 and chemoresistance.188 If this stress is 

unresolved, apoptotic programs under ER stress pathways will be activated.155,189 The 

integrated stress response (ISR) is an evolutionally conserved signaling network to maintain 

cell/tissue homeostasis with four kinase sensors: PERK, general control nonderepressible 2 

(GCN2), protein kinase R (PKR) and eIF2α kinase heme-regulated inhibitor (HRI). These 

sensors respond to environmental stimuli such as protein homeostasis defects, nutrient 

deprivation, viral infection, and oxidative stress. All these stress sources converge onto a 

single control machinery: phosphorylation of translation initiation factor eIF2α.190 Global 

translation is attenuated resulting from eIF2α phosphorylation. Similar to the UPR, the 

ISR has a dual role in physiological and various cancer conditions: promoting cancer 

growth by balancing protein synthesis or causing apoptosis when proteotoxic stress cannot 

be tolerated.191,192,193 Because the functions of the UPR and ISR are context dependent, 

generalization and extrapolation need to be carefully applied. When they are promoting 

cancer cell fitness, the UPR and ISR can be easily targeted by small molecule drugs due to 

well-characterized functional domains and dynamics. We provide an illustration of the drugs 
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targeting different arms of the UPR and ISR (Figure 4) and a table of their applications in 

various cancers (Table 2).

Lipid imbalance and ER stress responses

Hypoxia is a common TME feature and a strong stimulus for the UPR. Post-translational 

disulfide bond formation is oxygen-dependent, and the disruption of which under hypoxia 

increases misfolded proteins, activating a UPR.194 Moreover, molecular oxygen is required 

for the activity of the desaturase SCD1.195 Young et al. showed that hypoxia decreases 

unsaturated oleic acids and linoleic acids, leading to toxic saturated fatty acid buildup in 

malignant cells. Lipid saturation under hypoxia activates ER stress responses and causes 

a significant decrease in cell viability partially through the IRE1α pathway.155 Lipid 

droplets (LD), containing TGs and cholesterol esters, are an important feature for clear 

cell renal cell carcinoma (ccRCC). Qiu et al. showed that PLIN2, the gene encoding 

for the LD coating protein perilipin 2, is important for maintaining ccRCC cell viability 

by regulating ER homeostasis. PLIN2 knockdown triggers cytotoxic ER stress responses, 

mainly through the IRE1α and ATF6α pathway.189 Under hypoxic conditions, saturated 

FAs are incorporated into TGs, but unsaturated FAs are released into the phospholipid pool, 

supporting ccRCC cell viability. The disruption of TG synthesis via DGAT knockdown 

impairs the buffering ability of TGs, leading to toxic fatty acid buildup.196 The above studies 

suggest lipid imbalance is important for cellular and ER homeostasis. Volmer et al. showed 

that membrane saturation is directly sensed by the transmembrane domain of IRE1α and 

PERK to activate ER stress.197 Griffiths et al. showed that ER stress can also be indirectly 

caused by reactive oxygen species (ROS) accumulation as a result from lipid composition 

changes.198 Sterol regulatory element binding protein (SREBP) ablation leads to a loss of 

mono- and poly- unsaturated fatty acids, which results in ROS and ROS-induced ER stress 

activation.

ER stress response pathways as cancer cell dependencies

Though similarly experiencing hypoxic stress,199 triple-negative breast cancer employ 

IRE1α- XBP1 pathway as a survival mechanism. XBP1 activates a HIF1α transcriptional 

program, promoting adaptive responses of basal breast tumors within a cytotoxic solid 

tumor microenvironment.183 IRE1α has RNase activity after activation through dimerization 

and autophosphorylation. IRE1α removes 26 nucleotides from unspliced XBP1 to form 

a functional transcription factor XBP1s, which plays a crucial role in lipid metabolism 

and maintaining ER homeostasis.200 IRE1α-XBP1s plays an essential role in MYC-driven 

cancers such as neuroblastoma and B-cell lymphoma (BL).182 Pharmacological depletion of 

XBP1s using B-I09 suppresses BL growth via SCD1 activity.182 B-I09 was also shown to 

be efficacious in chronic lymphocytic leukemia (CLL),201 multiple myeloma (MM),202 and 

ARID1A-mutant ovarian cancers.203 Another IRE1α RNase inhibitor, MKC8866, has also 

been shown to inhibit prostate cancer growth.204
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Synthetic lethality between amino acid deficiency and the ISR

AA deficiency leads to a build-up of uncharged tRNAs, which is sensed by GCN2. GCN2 

binding to uncharged tRNAs results in activation of ISR and translational silencing.205 

However, when GCN2 is activated, stress-related programs regulated by ATF4 are 

selectively translated to promote AA transport and synthesis as an adaptation. If this 

adaptation is unsuccessful, ATF4-CHOP will activate apoptosis.206,207 As previously noted, 

metabolites in TIF isolated from murine PDAC have depleted levels of AAs such as arginine 

relative to plasma.23 Previously, we mentioned that ASNS has been used as a targeted 

treatment for ALL, because it breaks down arginine that the cancer cells depend on.124 

ASNS treatment activates phosphorylation of GCN2 and eIF2α, and sensitizes ALL and 

some PDAC tumors to GCN2 inhibitors.208 A recent study showed that hepatocellular 

carcinoma (HCC) depends on exogenous arginine due to suppressed urea cycle enzymes 

including argininosuccinate synthetase (ASS1) and argininosuccinate lyase (ASL) compared 

to healthy liver.209 Arginine is synthesized through the combined functions of ASS1 

and ASL, and the deficiency in these enzymes renders HCC cells reliant on exogenous 

arginine uptake. Arginine restriction induces GCN2-dependent cell-cycle arrest through p21, 

and GCN2 inhibition induces senescence in HCC cells, rendering HCC cells sensitive to 

senolytic treatment.

Synthetic lethality between proteotoxicity and the ISR

Activation of oncogenes and loss of tumor suppressors can often lead to hyperactivated 

protein synthesis. If protein synthesis exceeds lipid synthesis homeostasis, ISR and UPR 

are activated.155 Dysregulated mTORC1 signaling via Tsc2 knockout induces cell death 

under low serum and low oxygen (SO) conditions.155 SO conditions increase membrane 

saturation, disrupting ER membrane homeostasis. Tsc2 knockout cells undergo cell death 

because they are unable to balance protein and lipid synthesis, which triggers “lipotoxicity” 

through the cytotoxic UPR.

It is also important to balance proteostasis to ensure the protein translational rate matches 

with tumor growth. C-MYC overexpression often leads to an anabolic program and cellular 

proliferation, which could disrupt proteostasis and induce the ISR. MYC increases the 

level of uncharged tRNAs, upregulating ATF4 by GCN2 activation.184 ATF4 inhibition is 

synthetically lethal with MYC activation, delaying MYC-driven lymphoma. A recent study 

by Nguyen et al. similarly suggested that protein synthesis needs to be fine-tuned for optimal 

tumor growth.191 Myc amplification in combination with Pten loss accelerates prostate 

cancer (PCa) progression compared to the Myc overexpression or Pten loss alone in a 

transgenic mouse model. Paradoxically, the coexistence of two mutations leads to a decrease 

in global protein synthesis even though the two mutations alone independently enhance 

proteins synthesis. They also found that the level of eIF2α phosphorylation correlates 

with tumor progression and is significantly upregulated in Myc and Pten double mutants. 

ISRIB is a compound that blocks the ISR through replenishing eIF2B.190 eIF2B is inhibited 

by eIF2α phosphorylation,190 and ISRIB reverses p-eIF2α’s function in translational 

silencing.191 ISRIB greatly reduces prostate tumor burden in Ptenfl/fl and Myctg mice, 

extending survival of a humanized model of metastatic PCa.
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Concluding Remarks

Accumulating evidence supports the notion that external nutrient availability has a 

significant impact on cancer initiation and progression4, 5. In this review, we focused on 

key roles of nutrients and related metabolic pathways and stress responses from carbon 

and nitrogen metabolism and their connections to cancer. We speculate that at least two 

general mechanisms exist that confer nutrients with unexpected functions: 1) Subcellular 

compartmentalization of nutrients, metabolites, and metabolic enzymes: some enzymes may 

directly serve as transcription factors or regulators after nuclear translocation, whereas 

re-distribution of nutrients may establish novel protein-protein interactions, leading to 

functional alterations of signaling pathways; 2) Shifted enzymatic activities based on the 

availability of particular substrates. We speculate that these nutrients like glucose, amino 

acids, and lipids may be essential for orchestrating cellular metabolism, and metabolic 

crosstalk with signaling effectors that are prerequisite for disease progression. Recently, 

a group developed a theoretical model to elucidate cancer–associated metabolic disorders 

based on redox balance and electron transfer, which may provide a central platform to 

integrate nutrient availability with conventional and “moonlighting” functions of metabolic 

enzymes, especially in the context of cancer (Liu et al., 2020; Yang et al., 2021). Future 

work will continue to identify underappreciated relationships between nutrients, metabolic 

enzymes, and intracellular stress responses, with the hope of developing new therapeutics 

against human malignancies.
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Figure 1: 
Lactate broadly generates a more immunosuppressive TME by reducing anti-tumor immune 

activity and promoting MDSC and Treg activity.
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Figure 2. 
Glutamine metabolic pathways. Glutamine supports many pro-growth metabolic or signaling 

pathways in highly proliferative oncogenic or normal cells.
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Figure 3: 
Tumor cells obtain nutrients from surrounding cell types. Pancreatic CAFs feed alanine 

(Ala), BCKA and LPCs to the tumor cells. Adipocytes secrete lipids to support ovarian 

cancer and acute myeloid leukemia. Peripheral axons release serine to support mRNA 

translation in pancreatic cancer.
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Figure 4: 
Unfolded protein response and integrated stress response pathways have druggable targets. 

Red lines highlight current druggable targets in cancer applications.
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Table 1:

A list of cellular nutrient dependencies under various settings in human and mouse.

Nutrient Setting Cell Type/Crosstalk Species References

Glucose Lung cancer Kras-driven cancer cells Human, mouse 7

PDAC Kras-driven cancer cells Mouse 9

Breast cancer ErbB2-driven breast cancer cells Human, mouse 7

Cell culture Activated T cells Human, mouse 11, 13, 15–17

Cell culture Dendritic cells Mouse 19, 20

Melanoma Tumor cell - T cell competition Mouse 24

Sarcoma Tumor cell - T cell competition Mouse 25

Lactate PDAC Tumor cells Human, Mouse 42

Lung tumors Tumor cells Human 65

Lewis Lung Carcinoma, B16- F1 
Melanoma

Tumor-associated macrophages Mouse 45

PDAC MDSCs Mouse 55

PDAC NK cells Mouse 55

Cell culture CD4 and CD8 T cells Human, mouse 59

Cell culture Tregs Mouse 60

Glutamine Cultured Glioma cells, MEFs Tumor cells, MEFs Human, Mouse 83

Cell culture Activated T cells Mouse 15, 92

Triple-negative breast cancer Tumor cell - T cell competition Mouse 96

PDAC Tumor cell - T cell competition Mouse 23

Cell culture Macrophages Mouse 97, 98

Ovarian cancer CAF and cancer cell crosstalk Human, mouse 91

Serine Breast cancer PHGDH dependent cancer cells Human 122,123

PDAC Neuron and cancer cell crosstalk Human 132

Alanine PDAC PSC and cancer cell crosstalk Human, mouse 126

BCKA PDAC CAF and cancer cell crosstalk Human 130

Albumin PDAC, macropinocytosis RAS-driven cancer cells Human, mouse 133

HCC, macropinocytosis Non-RAS driven cancer cells under hypoxia Human, mouse 136

PDAC, macropinocytosis Pancreatic CAFs Human, mouse 137

Cysteine PDAC, autophagy Pancreatic cancer cells Human, mouse 142

Lysophospholipids Lung cancer, Ras transformed cells Hypoxic and RAS-driven cancer cells Human, mouse 165

PDAC PSC and cancer cell crosstalk Human, mouse 166

Lipids CRC CAF and cancer cell crosstalk Human 168, 169

Ovarian cancer Adipocyte and cancer cell crosstalk Human 175

AML subtype Adipocyte and cancer cell crosstalk Human 176
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Table 2:

A non-exhaustive list of drugs targeting ER stress responses and their cancer applications.

Drug Target Application References

B-I09 IRElα - XBPls B cell lymphoma, neuroblastoma, CLL, MM and ARID1A- mutant ovarian cancers 182, 201–203

MKC8866 IRElα - XBP1s Prostate cancer 204

ISRIB eIF2B Prostate cancer 191

SP600125 JNK Pancreatic cancer 185

GSK2656157 PERK Pancreatic cancer 181

GCN2iB GCN2 Liver cancer under arginine restriction 209
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