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Abstract

Metabolic reprogramming is an important cancer hallmark that plays a key role in cancer 

malignancies and therapy resistance. Cancer cells reprogram the metabolic pathways to generate 

not only energy and building blocks but also produce numerous key signaling metabolites 

to impact signaling and epigenetic/transcriptional regulation for cancer cell proliferation and 

survival. A deeper understanding of the mechanisms by which metabolic reprogramming is 

regulated in cancer may provide potential new strategies for cancer targeting. Recent studies 

suggest that deregulated transcription factors have been observed in various human cancers and 

significantly impact metabolism and signaling in cancer. In this review, we highlight the key 

transcription factors that are involved in metabolic control, dissect the crosstalk between signaling 

and transcription factors in metabolic reprogramming, and offer therapeutic strategies targeting 

deregulated transcription factors for cancer treatment.

1. Introduction

Cancer cells demand substantial energy for abnormal and uncontrolled growth. To meet 

the requirement of energy for their growth and proliferation, cancer cells often evolve 

to rewire the metabolic pathways [1]. The mechanisms of how cancer cells reshape 

metabolic pathways have begun to be revealed. Tremendous progress towards elucidating 

the metabolic pathways and the derived metabolites involved in metabolic reprogramming 

for cancer control by transcriptional regulation has been made in recent years [2]. 

Although there are still limited studies demonstrating the role of the transcription factors 

in regulating the metabolic pathways for cancer cell regulation, numerous transcription 

factors that regulate the expression of diverse target genes for metabolic reprogramming 

involved in cancer malignant features have been identified [2]. It is important to note 

that the genes that encode the metabolism-specific transcription factors are frequently 

deregulated during cancer progression and metastasis. As such, the aberrant alteration in the 

activity of transcription factors affects the signaling landscape which triggers the metabolic 

reprogramming of cancer cells leading to cancer progression [3], [4], [5]. Therefore, it 
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is important to investigate the regulatory networks of how the metabolic pathways are 

regulated through dysregulated transcription factors in order to develop novel strategies and 

agents for cancer targeting.

In this review, we comprehensively summarized the current knowledge about the important 

transcription factors and their aberrant activity in driving the metabolic reprogramming 

of the cancer. The first section introduced metabolic reprogramming through altered 

transcriptional regulation to meet the energy demand for cancer cell growth. The following 

section described the dysregulated transcription factors in cancer cell metabolism and their 

crosstalk and feedback loops that contribute to the transcriptional changes in the dynamic 

tumor microenvironment. Finally, we discussed the therapeutic interventions against cancer 

by targeting the dysregulated transcription factors and offered perspectives for future 

research.

2. The metabolic reprogramming in cancer

The homeostasis between the catabolic pathways, anabolic pathways, and waste disposal 

is crucial for cell survival, proliferation, and death [6]. Cancer cells maintain the 

metabolic homeostasis to grow and survive in hostile microenvironments. The metabolic 

reprogramming alters the metabolism in cancer cells with regard to normal cells, which 

supports the increased demand for energy, maintains the redox balance, and generates the 

building blocks for the rapid proliferation, growth, and survival of cancer in dynamic tumor 

microenvironments. The alternation of the metabolic pathways, such as aerobic glycolysis, 

pentose phosphate pathway (PPP), glutaminolysis, mitochondrial oxidative phosphorylation 

and biogenesis, amino acid metabolism, and lipid metabolism have been observed in various 

cancer types [7]. Thus, deregulated metabolism represents one of the key hallmarks in the 

cancers [8].

The normal cells utilize glucose for mitochondrial oxidative phosphorylation under aerobic 

conditions. In this oxidation, glucose is converted to pyruvate through glycolysis, which is 

then catalyzed to acetyl-CoA for mitochondrial tricarboxylic acid (TCA) cycle entry leading 

to the energy production of 36 ATPs. The normal cells under hypoxic conditions metabolize 

glucose through anaerobic glycolysis. In anaerobic glycolysis, glucose is converted to 

pyruvate, followed by lactate production in the cytoplasm for energy production of 2 ATPs. 

Strikingly, cancer cells often utilize aerobic glycolysis for glucose metabolism followed 

by lactate production to generate energy even in the presence of abundant oxygen. This 

phenomenon of increased glucose uptake and lactate production under oxygen supply is 

known as the Warburg effect discovered by Warburg in the 1920 s (Fig. 1) [9], [10]. 

However, it remains not well understood why cancer cells rely on this less efficient 

respiration pathway for energy production and how cancer cells could achieve aerobic 

glycolysis even in the presence of abundant oxygen. The mitochondrial dysfunction in 

cancer cells was the earlier explanation for this phenomenon, which was accepted by many 

scientific scholars at that time [11], [12], [13]. However, recent studies revealed that cancer 

cells have intact mitochondrial oxidative phosphorylation capabilities, arguing against the 

concept for defective mitochondrial dysfunction in cancer cells. The recent explanation 

for this phenomenon is that aerobic glycolysis provides adaptive advantages for highly 
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proliferating cells. The increase in aerobic glycolysis not only supplies the energy, but 

also offers the glycolytic intermediates for the building blocks critical for the biosynthetic 

pathways [14]. Cancer cells elevate aerobic glycolysis to speed up the production of ATP by 

enhancing the uptake of glucose due to the upregulation of glucose transporters and various 

metabolic enzymes involved in glycolysis. Therefore, tumors can generate the energy and 

biomolecules needed for cancer cell growth and survival more efficiently [10]. Furthermore, 

the PPP pathway derived from aerobic glycolysis generates the ribose 5-phosphate (R5P) for 

nucleotide synthesis and NADPH for redox balance control. It has been shown that the PPP 

is highly regulated in normal cells and its dysregulation results in uncontrolled biosynthesis. 

To meet the higher biosynthetic demands, the PPP is frequently deregulated in cancer cells. 

In addition, the NADPH produced from the PPP protects cancer cells against oxidative stress 

from radiation and chemotherapy and participates in DNA damage repair [15].

Apart from glycolysis, glutaminolysis is also highly utilized for cancer cells to maintain 

their proliferation and survival [16], [17]. Glutamine, a nonessential amino acid that is 

abundantly present in the tumor microenvironment, provides nitrogen sources for protein 

and nucleotide synthesis. Glutamine is converted to glutamate through glutaminolysis, 

which is then converted to α-ketoglutarate (α-KG) to participate in mitochondrial TCA 

cycle for energy production and subsequent lipid synthesis [18]. Glutamine is also used by 

cells for glutathione synthesis to protect cells against oxidative damage and maintain redox 

balance. Glutamine is one of the most consumed amino acids in cancer and its metabolism is 

frequently altered in cancer. To enhance the uptake of glutamine, the glutamine transporter is 

upregulated in cancer [19]. In addition, the expression of the metabolic enzyme required for 

glutaminolysis is also increased in cancer cells to promote glutaminolysis. In some cancer 

cells, glutamine flux is converted toward de novo nucleotide synthesis (Fig. 1) [17].

The one-carbon (1 C) metabolism is also an important process for cancer cells to synthesize 

purine, amino acids, and phospholipids [20]. The 1 C metabolism also maintains redox 

homeostasis through ATP and NADH synthesis. The folate and methionine cycles are 

the important pathways of the 1 C metabolism [21]. 1 C metabolism generates S-adenosyl-

methionine (SAM) from methionine, which serves as the global methyl donor for DNA 

and histone methylation in cells [22]. Serine and glycine, precursors for various molecules, 

are important carbon donors in the 1 C metabolism critical for purine synthesis. Cancer 

cells reprogram serine metabolism to increase serine biosynthesis through upregulation of 

various enzymes in serine biosynthetic pathways [23]. Similarly, glycine metabolism also 

reprogrammed in cancer cells for the synthesis of glutathione and purine to maintain cell 

proliferation and redox balance [24]. Cancer cells also require a higher level of SAM to 

maintain cell growth and proliferation [25]. Collectively, cancer cells utilize 1 C metabolism 

for their rapid proliferation.

Other amino acids are also the important precursors required for the synthesis of proteins, 

lipids and nucleic acids. Cancer cells require both non-essential amino acids and essential 

amino acids, such as branched-chain amino acids (BCAAs), to support their rapid growth 

[26], [27]. The enhancement of the uptake of amino acids by upregulating the amino acid 

transporters and the metabolic enzymes involved in amino acid synthesis and catabolism is 

also observed in cancer cells (Fig. 2) [28], [29].
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The lipids are required for the synthesis of biological membranes and also serve as a source 

of energy [30]. Cancer cells upregulate the fatty acid transporters to enhance the uptake 

of the exogenous fatty acids and cholesterol into the cells [31]. The cholesterol synthesis 

and de novo fatty acid synthesis pathways are also induced in cancer cells by activating 

various metabolic enzymes that participated in lipid biosynthesis pathways [32], [33], [34]. 

Excessive lipids and cholesterol are stored as lipid droplets in cancer cells. Notably, the 

accumulation of lipid droplets in various cancers provides the resistant mechanism to cancer 

therapy [35], [36]. Lipid droplets are breakdown under metabolic stress conditions through 

lipolysis and fatty acid oxidation to generate ATP and NADPH for cell survival maintenance 

[37], [38]. The lipolysis upregulated in tumors is used to generate free fatty acids to support 

the rapid growth of cancer cells [39].

The nucleotides are the building blocks for the synthesis of genetic materials required for 

the biosynthesis of DNAs and RNAs during cell proliferation. The nucleotide synthesis is 

achieved through numerous pathways, such as PPP, TCA cycle, 1 C metabolism and amino 

acid synthesis [40]. It is possible that the proper coordination of these pathways is highly 

regulated in normal cells. The R5P, an intermediate of the PPP and glycine, is required 

for the biosynthesis of inosine monophosphate (IMP) important for subsequent synthesis 

of the purine nucleotides. The methyl group derived from 1 C metabolism, non-essential 

amino acids, and NADPH is required for the synthesis of nucleotide bases [41]. The de 

novo biosynthetic pathways upregulated in cancers are the main pathways to synthesize 

nucleotides and related metabolites in cancer cells [42], [43].

While the exact mechanisms by which cancer cells leverage metabolic reprogramming 

remain to be explored, the alterations of the aforementioned metabolic pathways likely 

account in part for this process. It has been documented that the coordination of various 

signaling pathways for metabolic reprogramming involves the transcriptional programs in 

cancer cells upon the changes in the dynamic tumor microenvironments [44]. Cancer cells 

sense the availability of the various nutrients to rewire the metabolic program for their 

growth and survival in response to oxygen and nutrient-deprived microenvironments. To 

achieve this, the changes in the global gene expression and/or epigenetic landscape in cancer 

cells likely occur [45], [46]. As such, transcription factors act as a regulatory interface 

between the metabolic pathways and gene expression control, therefore playing a crucial 

role in the metabolic reprogramming [47], [48], [49]. Notably, the signaling pathways 

regulate the activity of the key transcription factors to orchestrate the gene expression 

of the metabolic enzymes for metabolism control. The well-known signaling pathway 

orchestrating metabolic reprogramming is the phosphatidylinositol-3-kinase (PI3K)/protein 

kinase B (Akt)/ mammalian target of rapamycin complex 1 (mTORC1) signaling pathway, 

which is activated by diverse mechanisms, such as mutations in oncogenes and tumor 

suppressor genes [7], [50], [51]. The transcription factor binds to the promoters of its target 

genes to stimulate or inhibit the gene expression. Transcription factors are altered in cancer 

cells by diverse mechanisms including gene amplifications and deletions, point mutations, 

chromosomal translocations, non-coding DNA mutations, and epigenetic mechanisms 

involving DNA methylation and histone modifications [52].
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In the next section, we highlighted some of the key transcription factors that are 

dysregulated in cancer cells to participate in metabolic reprogramming, and such alterations 

can be harnessed for therapeutic targets to fight against cancer. These critical transcription 

factors including Myc, p53, nuclear factor erythroid 2-related factor 2 (NRF2), hypoxia-

inducible factor 1 (HIF1), and forkhead box protein O (FOXO) are discussed in terms of the 

molecular mechanisms by which they reprogram the metabolic pathways in cancer and their 

conserved DNA recognizing motifs have been shown in Table 1.

2.1. Dysregulated transactional factors facilitate metabolic reprogramming in cancer cells

Cancer cells reprogram metabolic pathways to meet the biosynthetic, bioenergetics, and 

redox demands for their proliferation and survival. It is well documented that numerous 

transcription factors are deregulated in cancer cells to drive metabolic reprogramming. The 

key transcription factors that orchestrate the metabolic pathways are discussed below (Fig. 

3).

2.2. Myc

Myc is one of the well-known transcription factors involved in cancer metabolism. Myc 

controls the transcription of various genes, which function in cell metabolism. Myc can 

either activates or represses the gene expression [53]. Importantly, the Myc is highly 

deregulated in a variety of human cancers. The increased Myc expression involves 

numerous mechanisms including gene amplifications, copy number gain, germline enhancer 

polymorphism, and alterations in its upstream signals. It has been shown that Myc plays a 

key role to reprogram virtually all aspects of metabolic pathways, such as glycolysis, PPP, 

glutaminolysis, TCA cycle, and lipid and protein metabolism in cancer cells (Fig. 3A) [54].

Cancer cells enhance glucose uptake and often rewire oxidative phosphorylation 

to aerobic glycolysis known as the Warburg effect. Myc increases the uptake 

of glucose by upregulating glucose transporter 1 (GLUT1). Furthermore, increased 

Myc expression orchestrates nearly all enzymes participated in glycolysis, such as 

hexokinase 2 (HK2), glucose-6-phosphate isomerase (GPI), phosphofructokinase (PFK), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoglycerate kinase (PGK), 

pyruvate dehydrogenase kinase 1 (PDK1), phosphofructokinase, muscle (PFKM), and 

enolase 1 (ENO1) [55], [56]. Moreover, increased Myc expression in cancer cells 

upregulates the expression of the lactate dehydrogenase A (LDH-A), which converts 

pyruvate to lactate [57]. In addition, Myc induces the expression of monocarboxylate 

transporters (MCT1/2) to modulate lactate transport in cancer cells [58], [59]. Myc also 

upregulates the PPP pathway by utilizing glucose for nucleotide synthesis by enhancing the 

expression of glucose-6-phosphate dehydrogenase (G6PD) and transketolase in cancer cells 

[60], [61]. Hence, Myc is one of the key transcription factors driving the Warburg effect.

For amino acid metabolism, glutamine is one of the most important amino acids 

that contributes to tumor growth [54]. Myc induces the expression of glutamine 

transporter alanine serine cysteine transporter 2 (ASCT2 /SLC1A5) and sodium coupled 

neutral amino acid transporter 5 (SNAT5/ SCL38A5) to promote the glutamine 

uptake [62], [63], [64]. Furthermore, Myc increases the expression of the glutaminase 
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through suppression of miR-23, leading to the conversion of glutamine to glutamate 

for mitochondrial TCA cycle entry and ATP production [64]. Myc also regulates 

glutamate dehydrogenase (GDH) and glutamate-dependent transaminases [glutamic pyruvic 

transaminase (GPT2), glutamic oxaloacetic transaminases (GOT1/2), and phosphoserine 

aminotransferase (PSAT1)] to enhance the biosynthesis of amino acids [65], [66], [67]. 

In addition, Myc directs the glutamine Flux towards de novo Nucleotide Synthesis by 

upregulating the expression of phosphoribosyl pyrophosphate amidotransferase (PPAT), 

phosphoribosylformylglycinamidine synthase (PFAS), and carbamoyl-phosphate synthetase 

2, aspartate transcarbamylase, and dihydroorotase (CAD) genes that utilize glutamine 

towards IMP and uridine monophosphate (UMP) synthesis [42]. Depending on the 

availability of nutrients, Myc could change the mitochondrial metabolism from being 

dependent on glucose to glutamine. Myc also promotes glutathione synthesis under 

oxidative stress to maintain the survival of cancer cells under oxidative stress. Myc 

enhances serine and glycine metabolism by upregulating various enzymes such as serine 

hydroxymethyltransferases (SHMT1/2), and phosphoglycerate dehydrogenase (PHGDH) 

and phosphoserine phosphatase (PSPH) [68].

Amino acid serve as the building blocks critical for the synthesis of proteins, lipids 

and nucleic acids. Myc regulates the metabolism of essential and non-essential amino 

acids. To promote the transport of essential amino acids, Myc activates the amino acid 

transporters like solute carrier family member proteins (SLC7A5, SLC43A1, and SLC1A5) 

[69]. To break down the branched-chain amino acids (leucine, isoleucine, and valine), 

Myc upregulates the branched chain amino acid transaminase 1 (BCAT1) [70]. Myc also 

promotes proline synthesis by upregulating pyrroline-5-carboxylate synthase (P5CS) and 

pyrroline-5-carboxylate reductase 1 (PYCR), but downregulating proline oxidase/proline 

dehydrogenase (POX/PRODH) [71]. Myc enhances serine and glycine biosynthesis by 

activation or upregulation of PHGDHPSAT1, phosphoserine phosphatase (PSPH), and 

SHMT2 [54]. Myc also inhibits glycine N-methyltransferase (GNMT) expression to prevent 

glycine catabolism in cancer cells [72].

For lipid metabolism, Myc upregulates the expression of CD36 and carnitine 

palmitoyltransferase IA/2 (CPT1A/CPT2) for fatty acid uptake in mitochondria [73]. Myc 

also activates the acetyl-CoA carboxylase (ACC), fatty acid synthase (FASN), stearoyl-CoA 

desaturase (SCD), and ATP citrate lyase (ACYL) to stimulate the fatty acid synthesis [73], 

[74], [75]. To regulate cholesterol metabolism, Myc upregulates the 3-hydroxy-3-methyl-

glutaryl-coenzyme A reductase (HMGCR) for cholesterol synthesis in tumors. Myc also 

promotes fatty acid oxidation by activating the AMP-activated kinase (AMPK) [73]. In 

addition, Myc cooperates with the transcription factors SREBPs to regulate lipid synthesis 

and tumor growth in multiple cancer types [75].

Myc alters nucleotide synthesis by inducing various genes involved in purine and 

pyrimidine synthesis. First, Myc induces phosphoribosyl pyrophosphate synthetase 2 

(PRPS2) to generate the nucleic acid intermediate, nuclephosphoribosyl pyrophosphate. 

Second, Myc activates numerous enzymes involved in purine synthesis, such 

as phosphoribosyl pyrophosphate amidotransferase (PPAT) and phosphoribosyl 

aminoimidazole succinocarboxamide synthetase (PAICS), and inosine monophosphate 
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dehydrogenase 1, and 2 (IMPDH1 and IMPDH2). Third, Myc activates carbamoyl-

phosphate synthetase aspartate transcarbamylase, and dihydroorotase (CAD) to elicit 

pyrimidine synthesis. Fourth, Myc also promotes nucleotide synthesis by regulating other 

metabolic pathways, such as PPP, folate cycle, and 1 C metabolism [61], [76], [77], [78]. 

Fifth, Myc upregulates glucose-6-phosphate dehydrogenase (G6PD) and transketolase in 

the PPP pathway to synthesize the ribose 5-phosphate the building block of nucleotide 

biosynthesis as described above. Finally, Myc enhances the biosynthesis of serine and 

glycine biosynthesis, which act as the precursors for purine and pyrimidine synthesis.

Several studies have shown that Myc-driven metabolic reprogramming may facilitate 

tumorigenesis. Hu et al. using in vivo transgenic tumor model of Myc-driven liver cancer 

showed that alterations in glycolysis is involved in Myc-driven tumor formation [79]. 

Another study revealed that glutaminase is responsible for tumorigenesis in Myc-driven 

hepatic cellular carcinoma (HCC) mouse model, which was suppressed by glutaminase 

inhibitor treatment [80]. Similar to the HCC model, Myc overexpression initiated renal 

cell carcinoma through glutamine metabolism using the Myc transgenic tumor model 

in kidney tissue [65]. In addition, Pacelli et al. demonstrated that the inhibitor of 

carnitine-palmitoyl transferase 1 A (CPT1A) involved in fatty acid uptake restricted Myc-

driven lymphomagenesis in xenograft models and Eμ-Myc transgenic mice[81], suggesting 

the role of lipid metabolism in Myc-driven cancer development. Barna et al. showed 

that increased protein synthesis upon Myc overexpression accelerated cell growth and 

tumorigenesis, which was compromised by haploinsufficiency of the ribosomal protein in 

Eμ-Myc/+ transgenic mice with reduced protein synthesis [82]. Consistently, Myc-driven 

lymphomagenesis relied on phosphoribosyl-pyrophosphate synthetase 2 (PRPS2)-mediated 

increase in protein and nucleotide biogenesis in transgenic mice [83]. Notably, Myc-driven 

metabolic reprogramming was also demonstrated in human cancer samples. In colorectal 

cancer samples, Myc expression was highly correlated with the expression level of 231 

metabolism-related genes in tumor tissue compared with adjacent normal tissue, and the 

correlation was reversed in HCT116 cells by Myc inhibition [84]. Collectively, these 

studies underscore the important role of metabolic reprogramming induced by Myc in 

tumorigenesis, placing Myc as a potential target for cancer therapy.

The abovementioned studies revealed that the transcription factor Myc reprogrammed 

different metabolic pathways in diverse cancer models. For example, Myc-mediated 

alteration in glycolysis was shown in the liver and small cell lung cancer models, while 

alteration in glutamine was observed in the liver and renal carcinomas and alteration 

in fatty acid and nucleotide metabolism was seen in lymphoma and colorectal cancer 

[65], [79], [80], [81], [83], [84], [85]. It is important to note that Myc overexpression 

displayed an opposite effect on metabolic pathways in different tumors, as Myc drives 

glutamine synthesis pathways in liver cancer but promotes glutamine degradation pathways 

in lung cancer [80], [86]. Therefore, comprehensive research on tumor-specific metabolic 

reprogramming by Myc transcription factor is warranted to better understanding the 

complexity of Myc-driven metabolic addictions in distinct cancer types. This effort will help 

to develop specific metabolic inhibitors for the treatment of Myc-driven tumors in different 

organs.
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Recently, Tsakaneli et al. demonstrated that neuroblastoma cells expressing Myc-N, a 

Myc isoform, produce extracellular vesicles enriched with oncogenic glycolytic enzymes, 

hexokinase 2 (HK2) and pyruvate kinase M2 (PKM2), which induce glycolysis and c-Myc 

expression in recipient cells. Moreover, Myc-N-regulated extracellular vesicles also caused 

activation of c-Myc in recipient stromal cells surrounding Myc-N-positive neuroblastomas 

in the syngeneic mouse model [87]. This study supports the notion that Myc-mediated 

metabolism plays an important role to reshape the tumor microenvironment. However, it 

remains to be addressed 1) Whether c-Myc overexpressing tumors also secret extracellular 

vesicles enriched in glycolytic enzymes to modulate c-Myc expression in cells found in 

the tumor microenvironment (2) Whether c-Myc also regulates different metabolic enzymes 

related to fatty acid, nucleotide and amino acid metabolism. (3) Whether tumor models 

other than neuroblastomas also exhibit similar extracellular vesicle-mediated metabolic Myc 

activation in recipient cells. We speculate that tumor cells with Myc overexpression may 

release diverse extracellular vesicles enriched with various metabolic enzymes, which may 

be altered by distinct tumor tissues and tumor microenvironments.

More interestingly, Liu et al. revealed that inspiratory hyperoxia therapy decreases 

lung cancer metastasis in the lung cancer model through inhibiting Myc/SLC1A5-

dependent metabolic pathway without impact on primary tumor in mice [88]. The 

authors anticipated that the lung-specific tumor microenvironment may play a role in 

inspiratory hyperoxia therapy for lung tumors. However, they did not investigate whether 

xenograft tumors had any alteration of Myc expression [88]. This work raises the 

question whether Myc suppression by inspiratory hyperoxia therapy depends on the tumor 

microenvironment. Hence, more studies are required to fully understand Myc-mediated 

metabolic reprogramming in the tumor microenvironment.

2.3. p53

p53 is a well-known tumor suppressor whose inactivation is the most frequent event 

in cancer. p53 is a transcription factor that regulates a number of the genes associated 

with metabolism to orchestrate its tumor suppressive activity [89]. p53 gene mutations 

are mostly missense and the resulting p53 mutants display the gain-of-function activities. 

Interestingly, many of these p53 mutants reprogram cancer metabolism towards cell growth 

and proliferation in the tumor microenvironments [90], [91]. Similar to Myc, p53 also 

acts through its transcriptional regulation to control various metabolic pathways including 

glucose, fatty acid, protein, and nucleotide metabolism [92]. In a normal cell, p53 supports 

oxidative phosphorylation while inhibiting glycolysis. However, p53 loss in tumors causes 

metabolic reprogramming by shifting oxidative phosphorylation to glycolysis [91], [93], 

[94]. To achieve this, p53 represses the transcription of glucose transporters (GLUT1 and 

GLUT4) to reduce the glucose uptake for glycolysis. p53 can also repress the expression 

of GLUT3 and GLUT1 indirectly to reduce the glucose uptake [95]. p53 inhibits lactate 

export and import from the cells by suppressing the expression of malic enzymes (ME1 and 

ME2) [96]. p53 activates AMPK, which negatively regulates mTOR and mTOR-mediated 

glycolysis and anabolic biosynthetic processes [92]. p53 also regulates glycolysis by 

directly targeting the transcription of the metabolic enzymes or indirectly modulating 

signaling pathways. For instance, p53 decreases the expression of phosphoglycerate mutase 
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1 (PGM1) and HK2, but increases the expression of parkin RBR E3 ubiquitin protein 

ligase (PARK2), which ubiquitinates and degrade HIF-1α, to inhibit glycolysis [97], [98], 

[99], [100], [101]. Furthermore, p53 transcriptionally represses 6-phosphofructo-2-kinase/

fructose-2,6-biphosphatases (PFKFB3 and PFKFB4), which reduces intracellular levels of 

fructose-2,6-bisphosphate [102]. Of note, p53 increases the expression of TP53-induced 

glycolysis regulatory phosphatase (TIGAR), which functions as fructose-2,6-bisphosphatase 

to reduce intracellular levels of fructose-2,6-bisphosphate and inhibits the glycolysis 

enzyme, phosphofructokinase (PFK-1), to redirect glucose to the PPP pathway [103]. p53 

binds and inactivates glucose-6-phosphate dehydrogenase (G6PD), which is the rate-limiting 

enzyme of PPP, to inhibit the PPP shunt [104]. For glycolysis suppression, p53 also 

induces the expression of various genes, such as Sestrin 1/2 and TSC complex subunit 1/2 

(TSC1/2), which negatively regulate Akt/mTOR activation involved in the glycolysis [105], 

[106], [107]. Hence, p53 loss results in the reprogramming of glucose metabolism towards 

glycolysis.

p53 maintains mitochondrial oxidative phosphorylation by regulating the expression of 

other targets. p53 induces synthesis of cytochrome c oxidase 2 (SCO2) and expression of 

AIF (apoptosis-inducing factor) and Parkin [108]. Parkin upregulation increases pyruvate 

dehydrogenase E1α1 (PDHA1), which then induces the cytochrome C oxidase complex 

leading to the increased levels of oxidative phosphorylation [99]. In contrast, p53 represses 

the expression of pyruvate dehydrogenase kinase 2 (PDK2), which serves as a negative 

regulator of pyruvate dehydrogenase (PDH), thus promoting TCA cycle entry [109]. 

p53 also promotes mitochondrial oxidation by inducing the expression of mitochondrial 

glutaminase 2 (GLS2), which enhances glutathione (GSH) synthesis and α-ketoglutarate 

[110]. Under glutamine starvation conditions, p53 activates aspartate/glutamate transporter, 

Solute Carrier Family 1 Member 3 (SLC1A3), to enhance glutamine transport [111]. p53 

inhibits de novo serine biosynthesis by transcriptionally repressing first and rate-limiting 

enzyme, PHGDH, for serine synthesis [112]. p53 can upregulate the expression of POX, 

which is a catabolic enzyme of proline synthesis [113].

In addition to regulating glucose and amino acid metabolism, p53 also regulates lipid 

metabolism [89], [114]. In this respect, p53 activates fatty acid oxidation but represses fatty 

acid synthesis by regulating the expression of diverse enzymes involved in lipid metabolism. 

For instance, p53 represses the expression of Stearoyl-CoA-desaturase 1 (SCD1), protein 

kinase AMP-activated catalytic subunit alpha 2 (PRKAA2), SERPINE1 mRNA Binding 

Protein 1 (SERBP1), but induces the expression of malonyl CoA decarboxylase (MCD), 

lipin 1 (LPIN1), carnitine palmitoyltransferase 1 C (CPT1C), pantothenate kinase 1 

(PANK1), and Guanidinoacetate methyltransferase (GAMT) [91]. However, p53 could also 

inhibit lipid synthesis indirectly by inhibiting the PPP for NADPH production as mentioned 

above. p53 also plays an important role in nucleotide metabolism. p53 inhibits purine 

synthesis by suppressing ribose 5 phosphate formation in the PPP pathway and repressing 

GMP synthetase (GMPS)[89], [115]. However, p53 enhances nucleotide synthesis by 

induction of Ribonucleotide Reductase Regulatory TP53 Inducible Subunit M2B (p53R2/

RRM2B) to support DNA damage repair in cells during DNA damage [91], [116].
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Although p53 has been shown to regulate diverse metabolic pathways as mentioned above, 

whether these metabolic changes are linked to p53-mediated tumor suppression has not been 

well established. Interestingly, Li et al. showed that while the mice expressing acetylation-

defective p53 mutant display impaired p53-mediated cell cycle arrest, apoptosis, and 

senescence, these mice do not show early onset of tumorigenesis as p53−/− mice, correlated 

with defective in glycolysis and reactive oxygen species (ROS), implying that the metabolic 

regulation and antioxidant function of p53 may be involved in p53 tumor-suppressive role in 

cancer [117]. A recent study revealing that p53 suppresses SREBP-2-mediated mevalonate 

pathway to restrict tumorigenesis has begun to shine light on the role of metabolism 

regulation by p53 in mediating p53’s tumor suppression [118]. In addition to impacting 

on cancer cell phenotypes, p53 also plays an important role in regulating inflammation 

and immunity. Recent study revealed that p53 affects the immune response by enhancing 

cytokines secretion and that loss of p53 promotes the recruitment of T cells and myeloid 

cells [119]. Other study further demonstrated that loss of p53 in T cells enhances glycolysis 

and PPP pathway [120]. It will be interesting to dissect whether metabolic regulation such as 

glycolysis regulated by p53 is indeed involved in p53-mediated cancer immunity.

Cancer-associated p53 mutant has been shown to activate RhoA/ROCK/GLUT1 signaling 

leading to the increases of glucose uptake and Warburg effect in cells and mouse models 

[121]. Furthermore, activated RhoA/ROCK signaling promotes tumorigenesis in mouse 

models [121], but the direct evidence that elevated Warburg effect by activated RhoA/

ROCK/GLUT1 axis contributes to oncogenic activity of mutant p53 is lacking. Intriguingly, 

Siolas et al. showed intratumoral p53 mutation drives neutrophil accumulation and confers 

resistance to immunotherapy in pancreatic cancer [122]. However, whether mutant p53 acts 

through metabolism regulation to orchestrate neutrophil accumulation and immunotherapy 

resistance remains to be determined. Like p53 loss, cancer-associated p53 mutant has been 

shown to drive SREBP-mediated mevalonate pathway, which is required for the effect of 

mutant p53 on breast tissue architecture [123].

Collectively, p53 loss and p53 mutations found in diverse human cancers likely reprogram 

cancer metabolism towards the aerobic glycolysis and lipid biogenesis pathways to support 

cancer progression (Fig. 3B).

2.4. NRF2

Nuclear factor erythroid 2-related factor 2 (NRF2) is a key regulator of antioxidants 

that protect against oxidative stress and electrophilic injury to maintain intrinsic redox 

homeostasis [124]. NRF2 is a transcription factor that plays a dual role in cancer [125], 

[126], [127]. On one hand, activation of NRF2 protects against chemical and radiation-

induced carcinogenesis by activating antioxidant detoxifying and cytoprotective genes in 

response to environmental stress. On the other hand, constitutively active NRF2 provides 

survival benefits in already established cancers to promote cancer progression and metastasis 

[128]. Similar to Myc and p53, NRF2 also participates in reprogramming various metabolic 

pathways, as discussed below (Fig. 3B). Hence, NRF2 activation may drive cellular 

reprograming to promote cancer growth and survival for tumorigenesis.
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NRF2 increases the expression of glucose transporter GLUT1 to enhance glucose uptake. 

NRF2 also diverts respiration towards aerobic glycolysis by modulating the expression 

of various enzymes in glycolysis. NRF2 induces the expression of various glycolysis 

enzymes, such as glucose phosphate isomerase 1 (GPI1), hexokinase (HK1, HK2), 6-

phosphofructo-2-kinase/fructose-2, 6-bisphosphatase 2 (PFK2), 6-phosphofructo-2-kinase/

fructose-2,6-bisphosphatase 4 (PFK4), ENO1, ENO4, fructose-bisphosphate aldolase A 

(ALDA), and pyruvate kinase M (PKM) [129], [130]. Interestingly, NRF2 can shift glucose 

metabolism into the PPP by upregulation of key enzymes involved in PPP including 

G6PD, 6-phosphogluconate dehydrogenase (PGD), PPAT, methylenetetrahydrofolate 

dehydrogenase 2 (MTHFD2), phosphogluconate dehydrogenase (PGD), transaldolase 1 

(TALDO1) and transketolase (TKT) [129], [131].

NRF2 also regulates amino acid metabolism by upregulating the expression of glutamine 

transporter SLC1A5 and SLC1A4 for glutamine uptake and upregulating activating 

GLS2 and GPT2 for glutaminolysis, which provides the intermediates for the synthesis 

of nucleotide and non-essential amino acids [132], [133]. NRF2 regulates the serine/

glycine biosynthesis by inducing the expression of PHGDH, PSAT1, and SHMT2 through 

ATF4 [134]. Alternatively, NRF2 can indirectly promotes the de novo synthesis of 

serine. Interestingly, SUMOylation of NRF2 stimulates PHGDH through scavenging the 

ROS accumulation from the cell [135]. In addition, NRF2 upregulates glutamate-cystine 

antiporter solute carrier family 7, member 11 (SLC7A11) to enhance cysteine transport 

[136], [137].

NRF2 also regulates lipid metabolism by promoting fatty acid oxidation while inhibiting 

lipid biosynthesis. To promote fatty acid oxidation, NRF2 modulates the expression of 

CPT1, CPT2 and acyl-CoA oxidase 1 and 2 (ACOX1, ACOX2), the key enzymes involved 

in fatty acid oxidation [138]. For the inhibition of fatty acid synthesis, NRF2 downregulates 

the expression of the key enzymes in fatty acid synthesis, such as fatty acid elongases 

(Elovl2,3,5,6 and Cyb5r3), acetyl-CoA carboxylase 1 (ACC1), FASN, Scd1 and ATP-citrate 

lyase (ACYL)[139], [140], [141]. Finally, NRF2 enhances nucleotide synthesis by activating 

PPP pathway, glutaminolysis and serine-glycine synthesis, as described above. In this 

respect, NRF2 upregulates the enzymes involved in de novo nucleotide biosynthesis, such as 

PHGDH, MTHFD2, and inorganic pyrophosphatase (PPA).

It is important to note that NRF2-mediated metabolic reprogramming is correlated with 

tumorigenesis. Singh et al. showed that NRF2 suppresses the expression of miR-1 and 

miR-206 to reprogram metabolism towards the PPP and TCA cycle in lung cancer cells. 

Furthermore, the authors demonstrated that miR-1 and miR206 expression significantly 

downregulated, whereas the expression of NRF2 target genes and PPP genes is significantly 

upregulated in adenocarcinoma tumors compared to matched adjacent normal lung tissues 

and associated with poor survival outcome [142]. In breast cancer cells, Liu et al. showed 

that B7-H3 promotes aerobic glycolysis by suppressing NRF2, and NRF2 suppression 

causes stabilizing HIF-1 and HIF-1-mediated activation of enzymes in glycolytic pathways 

leading to increased glucose uptake in tumor xenografts [143]. Mitsuishi et al. showed 

that sustained activation of the PI3K/Akt pathway enhances the nuclear accumulation of 

NRF2 and enables NRF2 to drive metabolic reprogramming by redirecting glucose and 
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glutamine to biosynthetic pathways for maintaining cell proliferation [131]. Saito et al. 

showed that phosphorylation of p62/SQSTM1 activates NRF2 to direct glucose towards the 

gluconate pathway to provide tolerance of HCC cells against anticancer drugs [144]. Thus, 

NRF2-mediated metabolic reprogramming may contribute to drug resistance in cancer.

Cancer cells are largely dependent on non-essential amino acids including glutamine 

during cancer progression and metastasis. To meet the requirement of glutamine, serine 

and cysteine, cancer cells upregulate the expression of glutamine, serine and cysteine 

transporters through NRF2. NRF2 then directs the glutamine and serine in the formation 

of glutathione, which helps with scavenging the accumulation of ROS [145]. Collectively, 

NRF2-mediated metabolic reprogramming through uptake of the non-essential amino acids 

from extracellular environments may contribute to tumor progression, thus offering a 

potential strategy for cancer targeting.

2.5. HIF1

Cancer cells grow in hypoxic conditions due to inadequate vascularization in solid tumor 

mass. The tumor cells adapt to the low oxidative stress conditions by inducing and activating 

HIF1α. The activated HIF1α plays a pivotal role in protecting tumor cells under hypoxic 

conditions by activating numerous downstream pathways essential for cell survival [146], 

[147]. HIF1α helps tumor cells to switch from highly efficient oxidative phosphorylation 

to less efficient glycolytic pathways[146]. HIF1α is a transcription factor that forms a 

heterodimeric form with HIF1β. Interestingly, HIF1α is induced under oxygen deprivation 

due to the reduction of its ubiquitination and degradation, while HIF1β is constitutively 

expressed irrespectively of oxygen availability [148], [149]. HIF1α consists of two major 

domains, an N terminal domain that essentially stabilizes the HIF1α protein and a C 

terminal domain through which HIF1α interacts with several co-activators such as CREB 

binding protein (CBP)/ E1A binding protein (P300) to regulate the expression of HIF1α 
under hypoxic conditions [150]. The expression of HIF1α protein is tightly regulated 

by numerous proteins under steady-state conditions. The HIF1α protein is degraded 

through oxygen-dependent and oxygen independent manners. In an oxygen-dependent 

manner, the HIF1α protein undergoes hydroxylation by Prolyl 4- hydroxylases (PHD), 

which requires 2-oxoglutarate, ascorbate, oxygen, and Fe2+ ion [151], [152]. Moreover, 

the HIF1α also undergoes acetylation at K532 by arrest defective-1 (ARD-1) enzyme 

[153]. These post-translational modifications recruit von Hippel–Lindau (VHL) E3 ligase 

to drive ubiquitination and degradation of HIF1α. In an oxygen-independent manner, HIF1α 
interacts with p53, which recruits mouse double minute 2 homolog (MDM2) E3 ligase to 

degrade HIF1α protein [154].

HIF1α protein regulates a myriad of the genes involved in glucose metabolism. HIF1α 
promotes the glycolysis by inducing the expression of glucose transporters (GLUT1 and 

GLUT3) and the glycolytic enzymes, such as HK1, HK2, PKM2, and lactate dehydrogenase 

(LDH) [149], [155], [156], [157], [158], [159], [160]. Similar to HIF1α, HIF2α and HIF3α 
are also induced under hypoxic conditions. HIF2α, which shares 48% sequence homology 

with HIF1α, also induces the expression of GLUT1 (Fig. 3A). However, the functional 

role of HIF3α has not been well understood thus far [161], [162]. In addition, HIF1 
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transactivates the expression of PDK1 and ADM, which may help with chemoresistance 

of the cancer cells. Numerous studies showed that metabolic reprograming may be 

responsible for HIF1-mediated tumorigenesis and metastasis. For example, Becker et al. 

showed that human breast cancer-associated fibroblasts display metabolic reprogramming 

towards glycolysis to support the biosynthetic pathways of cancer cells through epigenetic 

HIF1 activation. They further demonstrated that this metabolic shift in cancer-associated 

fibroblasts fuels cancer cells and promotes tumor growth [163]. Zheng et al. showed 

that transient overexpression of isocitrate dehydrogenase 3α (IDH3α) increases metabolic 

reprogramming and angiogenesis induced by HIF1 to enhance xenograft tumor growth 

in nude mice [164]. In addition, Zhao et al. using a lung metastases tumor model 

showed that HIF1 activation induced the expression of PDK1 and lactate dehydrogenase 

A (LDHA) to divert oxidative phosphorylation towards anaerobic glycolysis, and the HIF1 

inhibitor reversed the metabolic reprogramming and suppressed lung metastasis [165]. 

By inducing the expression of PDK1 that suppresses PDH activity and its conversion of 

pyruvate to acetyl-CoA, HIF1α ensures the cells to utilize glycolysis instead of oxidative 

phosphorylation for energy production during hypoxia [166].

Highly glycolytic cancer cells release lactate outside the cells, which causes acidity in the 

tumor microenvironment. The acidification in the tumor microenvironment impairs the anti-

tumor activity of T cells and NK cells partly by blocking the glycolytic enzymes including 

GAPDH and PHGDH for the production of 3-phosphoglycerate derivative serine essential 

for the proliferation of the T cells. Furthermore, it has been recently observed that lactate 

could potentially suppress the production of interleukin 2 (IL-2) and interferon γ (IFN-γ) 

from T cells [167]. In pancreatic cancer, lactic acid could induce the infiltration of myeloid 

derived suppresser cells (MDSCs) to suppress the anti-tumor activity of T cells. Moreover, 

the acidic environment of tumor stabilizes the HIF1α, which promotes the haphazardly 

vascularization through inducing vascular endothelial growth factor (VEGF) and recruits 

MDSCs to suppress the anti-tumor activity of T cells, resulting in tumor progression [168].

2.6. FOXO

FOXO family proteins are the transcription factors, which are categorized as evolutionarily 

conserved winged-helix DNA binding proteins (FOX proteins). These proteins act as 

tumor suppressors by orchestrating several biological processes, such as cell cycle arrest, 

apoptosis, and senescence. Moreover, these proteins help with scavenging the reactive 

oxygen species to maintain cellular homeostasis. To date, around 50 FOX proteins and 

19 subfamilies have been reported and categorized based on their sequence homology 

[169], [170], [171], [172]. Despite the sequence homology, these proteins play a specific 

role due to their differential expression in distinct tissues. Conversely, these proteins also 

show redundancy in terms of their functions. Additionally, FOXO proteins consist of four 

members including FOXO1, FOXO3, FOXO4 and FOXO6 in mammalian cells. They can 

act as pioneer factors by binding to a consensus sequence and ensuring the active chromatin 

for transcription (Table 1) [173], [174]. Although the role of these proteins in regulating 

cancer progression and metastasis is well studied, there are limited studies showing how 

FOXO proteins directly regulate the metabolic pathway. FOXO1 has been shown to suppress 

the expression of enolase and pyruvate kinase as well as blocks the transcription of glucose 
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6-phosphatase and phosphoenolpyruvate kinase in hepatocyte cells [175], [176]. However, 

a rigorous study is needed to elucidate the exact mechanism by which FOXO1 regulates 

glycolysis.

Furthermore, FOXO1 interacts with PPARγ coactivator 1α (PGC-1α) and activates 

gluconeogenic genes. FOXO1 also regulates the expression of PGC-1α at the transcriptional 

level, indicating the feedback mechanism for oxidative stress regulation [177], [178], 

[179], [180]. Similarly, FOXO1 can interact with C/EBPα and stimulate the transcription 

of gluconeogenic genes like phosphoenolpyruvate carboxykinase, which promotes the 

growth of cancer cells [181]. It is important to note that FOXO3a inhibits tumor growth 

and metastasis by regulating LINC00926, a long non-coding RNA that suppresses the 

phosphoglycerate kinase 1 (PGK1), an enzyme essential for glycolysis. It will be of 

great interest to explore whether FOXO3a impacts on cancer phenotypes through PGK1 

regulation.

In cancer cells, the expression of FOXO3a is upregulated, leading to a decrease in oxygen 

consumption to support cancer cell growth in the anaerobic condition. Intriguingly, the 

upregulation of FOXO3a is correlated with the activation of PDK, which inhibits the 

pyruvate dehydrogenase complex (PDC) for oxidative phosphorylation in cells. Moreover, 

the overexpression of FOXO3a is also correlated with the downregulation of several 

enzymes in TCA cycle and oxidative phosphorylation, such as fumarate hydratase (FH), 

NADH dehydrogenase (ND1) and cytochrome c oxidase (COX). Under normoxia, FOXO3a 

induces mitophagy that reduces the mitochondrial pool by promoting the expression of 

BCL2/adenovirus E1B 19 kd-interacting protein 3 (BNIP3) [182], [183], [184]. FOXO3A 

arrests the cell cycle progression in response to DNA damage and stimulates the DNA 

repair by modulating the growth arrest and DNA damage response gene (Gadd45a) (157). 

Meanwhile, cancer cells stabilize several transcription factors, such as c-Myc, PGC-1α and 

NRF1, leading to promoting mitochondrial biogenesis.

As the crucial role of FOXO in metabolic reprogramming, there are a few studies 

highlighting the role of FOXO-mediated metabolic reprogramming in tumorigenesis. Yan 

et al. demonstrated that FOXO1-mediated metabolic reprogramming regulates macrophage 

function, and that FOXO deletion in macrophages inhibited glycolysis leading to impaired 

phagocytic function of macrophages for inhibiting tumor cell growth and survival [185]. 

Nagarajan et al. showed that p53 transcriptionally represses paraoxonase 2 (PON2) and 

regulates GLUT1-mediated glucose transport for pancreatic cancer growth and metastasis. 

They further showed that PON2 loss activates AMPK→FOXO3A→PUMA signaling 

pathway to suppress pancreatic tumor growth [186].

Additionally, FOXO proteins show antagonism of Myc function by directly inhibiting the 

transcription and translational level of Myc. FOXO proteins regulate the function of Myc 

transcription factors through several ways. One way is that FOXO proteins recognize 

the promoters of Myc target proteins to inhibit their expression or simultaneously induce 

expression of MAX interacting proteins (MAXI 1 and MXD) [187]. Furthermore, activation 

of FOXO3a can promote Myc phosphorylation at phosphodegron motif and subsequent 

ubiquitination and degradation through FBW7 ubiquitin ligase [188]. Interestingly, the 
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stabilization of FOXO acts a tumor suppressive during early stage of cancer development 

likely by suppressing Myc and HIF1α and their downstream gene expression, whereas 

overexpression of FOXO in the later stage of cancer could exacerbate tumor growth likely 

by activating the metabolic genes for ROS [188]. Hence, understanding the upstream factors 

that control the expression of FOXO proteins and interplay between FOXO proteins and 

Myc determining the fate and survival of cancer cells may open up the new avenue for 

cancer intervention.

2.7. Other transcription factors

In addition to the above-mentioned transcription factors, other important transcription 

factors that participate in metabolic reprogramming in cancer cells including Carbohydrate-

response element-binding protein (ChREBP), Sterol regulatory element-binding protein 1 

(SREBP-1), The peroxisome proliferator-activated receptors (PPARs), signal transducer 

and activator of transcription 3 (STAT3), estrogen receptors (ERs), E2 factor (E2F), and 

androgen receptor (AR) were briefly described below:

ChREBP, a key regulator of enzymes involved in fatty acid synthesis, is a glucose-regulated 

transcription factor [189]. ChREBP translocates from the cytoplasm to the nucleus in 

response to glucose and binds to carbohydrate response element of lipogenic genes in 

conjunction with MLX1. However, the activity of ChREBP is suppressed by adenosine 

monophosphate (AMP), ketone bodies, and cAMP [190]. The ChREBP/MLX heterodimer 

orchestrates glucose and lipid metabolism through regulating the expression of glycolytic 

enzymes (PKLR, FK, GLUT2, GLUT4), gluconeogenic enzyme (G6PC), and lipogenic 

enzymes (FASN, ACC1, SCD1, Elovl6) [190], [191], [192], [193]. ChREBP increases 

the aerobic glycolysis by modulating the expression of PDK, glycolytic enzyme (phospho-

fructokinase, Pklr) and PPP pathway enzymes (G6PDH, TKT) [194], [195]. Interestingly, 

ChREBP inhibition leads to p53 activation, which is involved in metabolic reprogramming 

as mentioned above (Figs. 3B and 4) [193], [196]. Whether ChREBP acts through p53 

regulation to control metabolic reprogramming and tumorigenesis remains to be explored.

Lipid metabolism has emerged to play a key role in cancer progression and metastasis. 

SREBP-1 serves as a transcription factor, which reprograms tumor metabolism by regulating 

lipid metabolism [197]. SREBP regulates the gene involved in cholesterol synthesis and 

lipid metabolism [198], [199]. In normal tissues, SREBPs levels and activity are tightly 

controlled by endogenous sterol levels via a negative feedback regulation. However, cancer 

cells leverage high glucose uptake to synthesize fatty acids and cholesterol for the generation 

of new cell membranes and lipid rafts [200]. SREBP-1 has been identified as a key player 

for integrating the metabolic flux from glycolysis driven by PI3K/Akt signaling and fatty 

acid synthesis [201]. SREBP-1 could also regulate glutamine metabolism to drive the 

synthesis of the lipids (Fig. 3B and Fig. 4) [197], [202]. Furthermore, it has been shown 

that SREBP-1 is up-regulated in numerous cancers and contributes to tumor growth [203]. 

However, in order to reveal a direct connection between SREBP-1-mediated metabolic 

reprograming and tumorigenesis, more investigations are necessary. Collectively, SREBP-1 

plays a critical role in linking lipid metabolism to oncogenic signaling. In addition, PPARs, 

a group of transcription factors, belonging to a nuclear receptor family of proteins also 
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play important role in lipid metabolism [204]. These PPARs consist of three major isoforms 

(PPAR-α, PPAR-β and PPAR-γ). These proteins are differentially expressed in different 

tissues, which confer distinct noncanonical functions in diverse cells. PPAR-α expressed 

in adipose tissues, liver and heart regulates the fatty acid β-oxidation of fats. PPAR-β is 

also ubiquitously expressed in different types of tissues and involved in β-oxidation of 

fat [205], [206]. However, PPAR-γ expressed in adipose tissues induces the differentiation 

of adipose tissue and controls the lipogenesis (Fig. 4) [207], [208]. These proteins have 

been shown to regulate the activity of various mitochondrial proteins, such as carnitine 

palmitoyltransferase, citrate synthase and cytochrome oxidases [209], [210], [211], [212]. 

However, the role of PPAR proteins in cancer is still questionable [213]. As more evidence 

linking metabolic reprograming to cancer progression, PPAR-mediated lipid metabolism in 

cancer might provide valuable insight for cancer therapeutics.

Signal transducers and activators of transcription (STATs) are a group of transcription 

factors that play a crucial role in various biological processes, including innate immunity 

and cell proliferation and survival [214]. STAT3 have shown to induce glycolysis by 

upregulating HIF1α [215]. Interestingly, STAT3 can cooperate with HIF1 to regulate gene 

expression [216]. STAT3 upregulated in several cancers and promote tumorigenesis. The 

STAT3 transcription factor regulates diverse target genes to orchestrate cancer phenotypes 

[217]. It has been shown that STAT3 protects the NADH dehydrogenase (ND1) and 

succinate dehydrogenase (SDH) protein from ischemic shock under hypoxia and maintains 

the oxidative phosphorylation flux in cancer cells [218]. However, it is unclear whether 

these metabolic gene changes indeed contribute to cancer phenotypes induced by STAT3 

activation.

Estrogen receptors consist of two isoforms, ERα and ERβ, which belong to the steroid/

nuclear receptor superfamily of transcription factors. In essence, these transcription factors 

form a homodimer and/or heterodimer to regulate the expression of diverse genes associated 

with female sexual phenotypes and breast cancer progression [219]. It has been shown that 

upon its ligand 17-β-estradiol binding, ERs bind to the promoter region of the COX gene 

in mitochondrial DNA and induces the expression of COX, leading to promoting oxidative 

phosphorylation [220], [221]. In addition to the canonical transcriptional regulation, ERs 

could regulate mitochondrial metabolism by promoting overexpression and activating 

the NRF1[222]. Moreover, the ER also binds to β-hydroxyacyl coA- dehydrogenase 

(HACoADH) and modulates the β-oxidation of fat [223]. However, it remains unclear 

whether these regulations indeed contribute to cancer phenotypes regulated by ERs.

Additionally, other transcription factors, such as E2F and androgen receptor (AR), have 

been shown to participate in metabolic regulation. E2F overexpression regulates numerous 

genes such as NADH dehydrogenase subunit 1 (ND1), aconitase, and fumarate hydratase 

(FH) involved in oxidative phosphorylation and TCA cycle [224]. Like ER, AR is a 

transcription factor that also belongs to the steroid/nuclear receptor superfamily. AR 

upregulated in advanced prostate cancer plays a key role in prostate cancer cell proliferation 

and progression by regulating expression of its target genes. AR has been shown to repress 

numerous metabolic enzymes including FH and ND1 involved in oxidative phosphorylation 
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and TCA cycle [225], although the functional role of these regulation in cancer remains to 

be established.

We speculate that metabolic reprogramming regulated by ChREBP, SREBP-1, PPARs, and 

STAT3 may be partly involved in their role in regulating tumorigenesis. For example, Tong 

at el. showed that ChREBP induction is required for the proliferation of colorectal cancer 

cells, and siRNA-mediated inhibition of ChREBP leads to a metabolic shift from aerobic 

glycolysis to mitochondrial oxidative phosphorylation, followed by tumor growth inhibition 

in vivo [196]. Wen et al. showed that downregulation of SREBP-1-mediated metabolic 

reprogramming restricts colon cancer growth both in vitro and in vivo [226]. Phan et al. 

showed that PPARγ sumoylation induced lipid accumulation and tumor growth in vivo 

[227]. STAT3 has been shown to increase fatty acid oxidation in CD8+ T cells, which plays 

a critical role in obesity-associated breast cancer progression [228]. Finally, Patel et al. 

revealed that STAT3-driven metabolic switch promotes tyrosine kinase inhibitor persistence 

in chronic myeloid leukemia [229]. However, further studies are needed to firmly understand 

the role of metabolic reprogramming regulated by these transcription factors in cancer 

progression and metastasis.

2.8. The crosstalk between transcriptional factors, signaling pathways and signaling 
metabolites in regulating metabolic reprogramming

Metabolic reprogramming has emerged to play key roles in regulating cancer cell growth, 

progression and metastasis and therapy resistance. Accumulating evidence indicates that 

distinct tumor microenvironments composed of diverse cell types, such as stromal cells, 

fibroblasts, immune cells, macrophages, cancer cells, and endothelial cells, can impact on 

metabolic features of cancer cells [230]. Tumor tissues are generally heterogeneous, which 

are composed of distinct cancer cell populations with different genetic and/or epigenetic 

backgrounds [231]. Cancer cells stay in a microenvironment different from normal cells, 

which may contain low nutrients and oxygen availability and high immunosurveillance. 

In order for cancer cells to survive under these hostile tumor microenvironments during 

cancer progression, cancer cells have evolved to reshape their metabolic states towards 

metabolic reprogramming [232], [233]. Interestingly, the crosstalk between transcription 

factors, multiple signaling pathways and signaling metabolites is an important mechanism 

by which tumor cells can adjust their metabolic states to achieve rapid growth and survival 

in the dynamic and stressed cancer microenvironments [234], [235].

One of the most important signaling pathways is the PI3K/Akt/mTOR signaling network. 

Growth factors, such as IGF-1 and epidermal growth factor. (EGF), activate PI3K/Akt/

mTOR signaling, which is antagonized by phosphatase and tensin homolog (PTEN) tumor 

suppressor, to increase the anabolic program for maintaining cell proliferation and survival 

[236]. Notably, activation of PI3K/Akt/mTOR signaling is frequently observed in cancers 

partly because of gain of function mutations of PI3K and/or loss of function mutations 

of PTEN [237], [238], [239]. Activation of PI3K/Akt/mTOR signaling shifts oxidative 

phosphorylation to aerobic glycolysis through elevated GULT1 expression and activation 

of glycolysis enzymes, hexokinase and PFK1 [50], [240]. Notably, it has been shown 

that Akt and mTOR activation enhances robust anabolic biosynthetic program through 
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regulating the activity of various aforementioned transcription factors, such as SREBP-1, 

HIF1α, ChREBPß, and PPARα, p53, NRF2, and STAT3 [241], [242], [243], [244], [245], 

[246], [247]. In addition to PI3K/Akt/mTOR signaling, KRAS, frequently activated in many 

cancers, promotes Myc-dependent metabolic reprograming in a manner dependent on PI3K 

and MAPK activation (Fig. 4) [248].

HIF1α is stabilized, translocated to the nucleus and turns on its target genes for regulating 

cell growth, survival, angiogenesis, and metabolic adaption in response to hypoxia 

conditions [249]. The crosstalk between HIF1α and signaling pathways is well documented 

and leads to metabolic reprogramming and cancer growth. The PI3K/Akt signaling and RAS 

drive the HIF1α synthesis through mTOR activation [250]. The HIF1α is also activated 

by the growth factor IGF-1 and cytokine TNF-α [251], [252]. Interestingly, HIF1α could 

induce gene expression of IGF-1 and TNF-α in cancer cells, thereby offering the positive 

feedback loop to further enhance HIF1α induction and activation. Apart from the crosstalk 

between transcription factors and signaling pathways, there is the interplay between HIF1α 
and Myc [253], [254]. Overexpression of Myc induces the expression and activation of 

HIF1α in cancer [255]. Myc and HIF1α modulate many common enzymes in glycolysis 

and amino acid and lipid metabolism [256], [257]. The crosstalk between Myc and HIF1α 
shapes the metabolic reprogramming leading to tumor growth and proliferation. However, it 

is important to note that HIF1α inhibits Myc activity in hypoxia, which can be overridden 

by Myc overexpression, although the underlying mechanism remains to be explored [253], 

[254]. HIF1α also interacts or cross-talks with other transcription factors, such as p53, 

NRF2, and NF-κb, although their functional link needs to be fully explored [258], [259]. 

Of note is that p50 and p65 subunits of NF-κB interact with HIF1α and enhance HIF1α 
expression under hypoxia or stimulation of reactive oxidation species [260]. The crosstalk 

between NRF2 and HIF1α, both of which orchestrate some similar signaling pathways 

in response to hypoxia, was also documented [261]. It has been shown that the NRF2 

knockdown resulted in the decreased levels of HIF1α, whereas HIF1α activation resulted 

in elevated NRF2 activity [262], [263]. While high expression of p53 inhibits HIF1α 
expression and activity, gain of function mutation of p53 in cancer activates HIF1α [258].

Recent studies indicate that the metabolites derived from metabolism also contribute 

the metabolic reprogramming by regulating signaling pathways and/or transcriptional 

control. As a result, the metabolites secreted by cancer cells or other cell types in tumor 

microenvironments could impact cancer metabolism leading to the changes in cancer 

phenotypes [264]. The intermediates metabolites derived from mitochondrial TCA cycle, 

such as succinate, fumarate, and α-KG are known to act as signaling metabolites to 

regulate cancer cells and stem cells[265], [266]. α-KG serves as a cofactor for activation 

of the Jumonji histone demethylases and ten-eleven translocation (TET) DNA demethylases 

to orchestrate epigenetic reprogramming and transcriptional controls. Accumulating 

evidence reveals that α-ketoglutarate regulates cancer progression and metastasis through 

controlling epigenetic reprogramming and transcription. D-2-hydroxyglutarate (D-2HG), 

a reduced form of the TCA cycle intermediate α-KG, serves as an oncometabolite for 

cancer progression. Notably, accumulation of D-2HG in tumor tissues due to gain of 

function mutation of Isocitrate dehydrogenases (IDH) that converts isocitrate to α-KG, 

promotes cancer phenotypes by antagonizing α-KG-mediated epigenetic reprogramming 
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and transcriptional controls. Similar to D-2HG, succinate and fumarate also interfere 

with the α-KG-dependent epigenetic modifications. The loss of function mutation of 

the succinate dehydrogenase mutation (SDH) and fumarate hydratase (FH) causes the 

accumulation of succinate and fumarate, respectively [267]. The accumulation of succinate 

or fumarate in the cytoplasm causes pseudohypoxia by competing with α-KG in binding 

to the PHD enzyme leading to stabilization of HIF1α [268]. Succinate also inhibits α-KG-

dependent TET regulation, leading to promoter hypermethylation of several genes and 

transcriptional dysregulation [269].

Glucose metabolism through glycolysis not only produces energy for cancer cell 

proliferation and survival, but also generate metabolites and/or intermediate metabolites for 

signaling and translational regulation. Lactate, the end product of glycolysis, is ubiquitously 

present in the cancer microenvironments and previously thought to be a waste. Numerous 

outstanding studies published recently highlight the important role of lactate in cancer 

and immune regulation by multiple mechanisms [270], [271]. Lactate can serve as a fuel 

to promote cancer cell growth by shunting into TCA cycle to generate energy [272]. 

Lactate enriched and secreted from tumor microenvironments acts as an immune suppressive 

signal by limiting T cell activation, although the underlying mechanisms are not well 

understood [273]. Lactate has been shown to promote M2 macrophage polarization by 

activating HIF1α [274]. We demonstrated that lactate acts as a signaling metabolite to 

restrict innate immunity through direct MAVS binding [275]. Importantly, lactate can aslo 

modulate cellular metabolism through histone lactylation-mediated gene expression [276]. 

It is important to note that myo-inositol generated from glucose metabolism can also serve 

as a signaling metabolite that directly binds to and suppress AMPK activation leading to 

restricting AMPK-dependent mitochondrial fission and mitochondrial dysfunctions [277].

Collectively, these studies demonstrate numerous metabolites and/or intermediate 

metabolites derived from various metabolic processes serve as signaling metabolites to 

orchestrate the crosstalk between metabolism, signaling activation and transcriptional 

control.

2.9. Targeting metabolic vulnerability driven by deregulated transcription factors for 
cancer therapy

A plethora of studies highlight the crucial role of metabolic reprogramming in facilitating 

cancer progression and metastasis, immune escape and drug resistance. Metabolic 

reprogramming serves as a key adaptation mechanism for disseminated cancer cells to 

survive and prorogate in hostile tumor microenvironments, thus representing an actionable 

vulnerability of cancer cells that can be harnessed for developing strategies and/or agents 

for cancer targeting [278], [279]. While it has been well documented that directly targeting 

various metabolic enzymes such that involved in glycolysis and lipid metabolism critical for 

oncogenic processes is quite robust and effective in preclinical tumor models, the fact that 

many of the metabolic enzymes are also essential for normal cell functions may greatly limit 

the efficacy of this targeting strategy in clinical practice due to the intolerable side effects 

[280], [281]. Since numerous transcriptional factors, such as Myc, HIF1a, p53, STAT3, 

and NRF2 as described above, are deregulated in human cancers and play a key role in 
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cancer progression and metastasis partly through their metabolic regulation, targeting these 

deregulated transcription factors involved in metabolic control may provide the alternative 

strategy for cancer targeting with the better therapeutic window.

Although directly targeting transcription factors by developing specific small molecular 

inhibitors against them is still technically challenging, numerous small molecule inhibitors 

blocking the transcription factor networks have been developed and shown to be effective 

in preclinical models [52], [282]. The examples are that BET bromodomain inhibitor I-BET 

762 or JQ1 has been shown to suppress Myc activity partly by inducing Myc downregulation 

and displays anticancer effect against various cancers in in vivo tumor models [283], 

[284], [285]. Notably, Zhang et al. demonstrated that treatment of JQ1 suppresses 

cancer cell proliferation through inhibiting Myc-mediated glycolysis in Leukemia cells 

[286]. MDM2 inhibitor RG7112, which activates the p53 pathway by inhibiting MDM2-

mediated p53 degradation, induces tumor regression of various tumor panels of pediatric 

cancer [287], although the role of p53-mediated metabolic reprogramming in the tumor-

suppressive effect of RG7112 has not been examined [287]. Another example is that 

STAT3 inhibitor ODZ10117 suppresses tumor growth in glioblastoma tumor models [288]. 

An important breakthrough from a recent study indicated that a potent and selective 

small-molecule STAT3 degrader (SD-36) developed from the proteolysis targeting chimera 

(PROTAC) technology has been shown to achieve the robust tumor repression in multiple 

xenograft models at well-tolerable dose schedules [289]. NRF2 inhibitor, ML385, has 

been shown to target non-small cell lung cancer (NSCLC) with Keap1 mutations and 

sensitizes NSCLC to the carboplatin chemotherapy agent both in vitro and in vivo 

[290]. Collectively, these studies highlight the potential efficacy of targeting transcription 

factors for cancer suppression. However, further studies are needed to explore whether 

metabolic reprogramming in cancer is indeed altered and involved in tumor suppression by 

pharmacologically targeting these deregulated transcriptional factors.

3. Conclusions and future directions

Recent studies in last two decades have made the tremendous progress in cancer 

metabolism. Dysregulation of the transcription factors has been shown to regulate various 

metabolic pathways to facilitate cancer cell growth and survival in the dynamic tumor 

microenvironments. The transcription factors, such as Myc and HIF1α, could work in 

concert to regulate cancer metabolism through orchestrating the expression of the distinct 

metabolic genes. Notably, the activity of transcription factors is regulated by the key 

signaling pathways (e.g. PI3K/Akt/mTOR) and signaling metabolites (e.g. lactate). Some 

small molecules targeting transcription factors have been shown to be quite effective in 

preclinical models. However, since some transcription factors can regulate similar metabolic 

targets and/or metabolic pathways, targeting a particular transcription factor may be 

compensated by another transcription factor, which affects the same set of target genes 

in metabolic pathways. Thus, the combinatory inhibition of these transcriptions may need to 

be considered. Despite the important advances in better understanding of cancer metabolism, 

several outstanding questions need to be further addressed.
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First, while deregulated transcription factors have been shown to play important roles in 

cancer regulation, whether this regulation acts through metabolic control remains unclear. 

Second, while numerous small molecule inhibitors targeting transcription factors are 

effective in preclinical models, their efficacy and safety in clinical trials are unknown. 

Third, how signaling metabolites, such as lactate and D-2HG, regulate cancer and immune 

cell properties is not well understood. Fourth, most studies described in this review are 

mainly based on xenograft models in nude mice without proper tumor microenvironments 

and intact immunity. It will be important to use syngenetic models and/or genetic 

models with intact immunity to further validate the conclusions. Fifth, since the tumor 

microenvironment plays a key role in cancer progression and therapy resistance, it is 

important to understand how transcription factor-mediated metabolic reprogramming may 

impact on tumor microenvironment to facilitate cancer progression. Finally, the concept of 

oncometabolite is just in its early stage, and only a few oncometabolites are identified. 

More systematic studies are required to globally identify additional oncometabolites for their 

roles and underling mechanisms in cancer regulation. Addressing these questions will not 

only significantly advances the metabolism field, but also offers the potential strategies for 

effective cancer targeting.
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ACC1 Acetyl-CoA carboxylase 1

ACOX1/2 acyl-CoA oxidase 1 and 2

ACYLATP citrate lyase

Akt protein kinase B

AMPKAMP activated protein kinase

AR androgen receptor

ASCT2/SLC1A5 alanine serine cysteine transporter 2/solutecarrier family 1 

member 5

BCA Asbranched-chain amino acids

BCAT1 branched chain amino acid transaminase 1

BNIP3BCL2/ adenovirus E1B 19 kd-interacting protein 3
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CAD carbamoyl-phosphate synthetase 2, 

aspartatetranscarbamylase, and dihydroorotase

CBPCREB binding protein

ChREBP carbohydrate-response element-binding protein

COX cytochrome c oxidase

CPT1A/CPT2 carnitine palmitoyltransferase IA/2

E2FE2 factor

ELOVL6ELOVL Fatty Acid Elongase 6

ENO1 enolase 1

ER sestrogen receptors

FASN fatty acid synthase

FOXO forkhead box protein O

G6PD glucose-6-phosphate dehydrogenase

GAMT guanidinoacetate N-methyltransferase

GAPDH glyceraldehyde-3-phosphate dehydrogenase

GDH glutamate dehydrogenase

GLS2 glutaminase 2

GLUT1 glucose transporter 1

GMPS guanine monophoshate synthetase

GNMT glycine N-Methyltransferase

GPI glucose-6-phosphate isomerase

GPT2 glutamic-pyruvic transaminase 2

HIF1 hypoxia-inducible factor 1

HK2 hexokinase 2

HMGCR3 hydroxy-3-methylglutaryl-CoA reductase

IDH3 αisocitrate dehydrogenase 3α

IFN γInterferon γ

IL2 interleukin 2

IMP inosine monophosphate
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LDH Alactate dehydrogenase A

MCD malonyl-CoA decarboxylase

MCT1/2 monocarboxylate transporter 1/2

MDM2 mouse double minute 2 homolog

MDSCs myeloid-derived suppresser cells

ME1/2 malic enzyme 1/2

MTHFD2 methylenetetrahydrofolate dehydrogenase 2

mTORC1 mammalian target of rapamycin complex 1

ND1NADH dehydrogenase subunit 1

NRF2 nuclear factor erythroid 2-related factor 2

NSCLC non-small cell lung cancer

p300E1A binding protein p300

p53R2/RRM2 Bribonucleotide reductase regulatory TP53inducible 

subunit M2B

P5CS pyrroline-5-carboxylate synthase

PANK1 pantothenate kinase 1

PARK2 Parkin RBR E3 Ubiquitin Protein Ligase

PDC pyruvate dehydrogenase complex

PDK pyruvate dehydrogenase kinase 1

PFAS phosphoribosylformylglycinamidine synthase

PFK phosphofructokinase

PFKFB6 phosphofructo-2-kinase/fructose-2,6-biphosphatase

PFKM phosphofructokinase, muscle

PGK phosphoglycerate kinase

PGM1 phosphoglucomutase 1

PHGDH phosphoglycerate dehydrogenase

PI3K phosphatidylinositol-3-kinase

PKM1/2 Pyruvate kinase M1/2

PON2 paraoxonase 2
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PPA inorganic pyrophosphatase

PPARs peroxisome proliferator-activated receptors

PPAT phosphoribosyl pyrophosphate amidotransferase

PPP pentose phosphate pathway

PRKAA2 protein kinase AMP-activated catalytic subunitalpha 2

PRODH/POX proline dehydrogenase/proline oxidase

PROTAC Proteolysis-targeting chimera

PRPS2 phosphoribosyl pyrophosphate synthetase 2

PSAT1 phosphoserine aminotransferase 1

PSPH phosphoserine phosphatase

PTEN phosphatase and tensin homolog

PYCR pyrroline-5-carboxylate reductase 1

SAMS adenosyl-methionine

SCD stearoyl-CoA desaturase

SCO2 synthesis of cytochrome c oxidase 2

SHMT1/2 serine hydroxymethyltransferases 1/2

SLC43A1 solute carrier family 43 member 1

SLC7A5 solute carrier family 7 member 5

SNAT5/SCL38A5 sodium-coupled neutral amino acid transporter5/solute 

carrier family 38 member 5

SREBP-1 sterol regulatory element-binding protein 1

STAT3 signal transducer and activator of transcription3

TALDO1 transaldolase 1

TIGARTP53 induced glycolysis regulatory phosphatase

TKT transketolase

TP53 mutant tumor protein 53

TSC1/2 tuberous sclerosis complex subunit 1

UMP uridine monophosphate

VEGF vascular endothelial growth factor
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VHL von Hippel–Lindau tumor suppressor
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Fig. 1. 
The metabolic reprogramming distinctly occurs in cancer cells compared to normal cells. 

Normal cells depend on mitochondrial oxidative phosphorylation for glucose metabolism 

(right panel). In contrast, cancer cells (left panel) convert glucose to lactate in cytoplasm 

for ATP synthesis. In addition, cancer cells increase their glucose and glutamine uptake 

to generate more metabolic intermediates to support anabolic pathways for amino acid, 

nucleotide and lipid biosynthesis.
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Fig. 2. 
The one-carbon (1C) metabolism regulates the synthesis of purine, amino acids, and 

phospholipids to maintain the redox homeostasis and rapid cell growth. Cancer cells 

enhance the biosynthesis of amino acid serine and glycine. The amino acids are used as 

donors of one carbon unit, the 1C meta- bolism transfers this carbon unit for the biosynthesis 

of various metabolic outputs, such as nucleotides and redox homeostasis by folate and 

methio- nine cycles.
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Fig. 3. 
Dysregulated transcription factors impact cancer cell metabolism and reprogramming. (A) 

Myc and HIF1α regulate the expression of diverse metabolic enzymes. The green arrow 

indicated the Myc-upregulated enzymes (red) and transporters (blue). The enzymes elevated 

by Myc and HIF-1 were indicated by the blue arrow. (B) p53 and NRF2 regulate the 

expression of diverse metabolic enzymes. The green arrow indicates the p53 affected 

enzymes and transporters. The enzymes elevated by NRF2 were indicated by the black 

arrow. Inhibition is shown by Blunt arrow (┴), whereas activation is indicated by sharp 

arrow (→). Other transcription factors, such as chREBP1, SERBP1, and HIF1, are shown in 

blue.
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Fig. 4. 
The crosstalk between transcriptional factors, signaling pathways and signaling metabolites 

regulates metabolic reprogramming. Tumor cells displayed dysregulated numerous 

transcription factors, which crosstalk with multiple signaling pathways to orchestrate distinct 

metabolic processes, thus facilitating cancer cell survival and cancer progression. The 

crosstalk between transcription factors indicated by the double headed arrows and enzymes 

are shown in red.
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Table 1.

Conserved DNA recognition motif of transcription factors.

Transcription factor Conserved DNA recognizing Motif

Myc 5’-CACGTG-3’

p53 5’-PuPuPuC(A/T)(T/A)GPyPyPy-3’

NRF2 5’-TGACXXXGC-3’

HIF-1α 5’-RCGTG-3’

FOXO
5’-TT[G/A]TTTTG-3’

5’-TT[G/A]TTTAC-3’.
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