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Bladder cancer (BC) represents a clinical, social, and economic challenge due to tumor-intrinsic characteristics,

limitations of diagnostic techniques and a lack of personalized treatments. In the last decade, the use of liquid

biopsy has grown as a non-invasive approach to characterize tumors. Moreover, the emergence of omics has

increased our knowledge of cancer biology and identified critical BC biomarkers. The rewiring between epigenetics

and metabolism has been closely linked to tumor phenotype. Chromatin remodelers interact with each other to

control gene silencing in BC, but also with stress-inducible factors or oncogenic signaling cascades to regulate

metabolic reprogramming towards glycolysis, the pentose phosphate pathway, and lipogenesis. Concurrently, one-

carbon metabolism supplies methyl groups to histone and DNA methyltransferases, leading to the

hypermethylation and silencing of suppressor genes in BC. Conversely, α-KG and acetyl-CoA enhance the activity

of histone demethylases and acetyl transferases, increasing gene expression, while succinate and fumarate have

an inhibitory role. 

bladder cancer  metabolic pathways  metabolism  epigenetics  biomarkers

1. Introduction

BC is the second most common urological malignancy after prostate cancer, and its development has previously

been shown to be strongly related to smoking, schistosomiasis infection, and occupational exposure to certain

chemicals . Worldwide, BC represents the sixth most frequent tumor with 424,082 new cases per year, and it is

considered within the ten deadliest cancers .

According to histological criteria, 75% of newly diagnosed BCs are non-invasive (non-muscle-invasive BCs;

NMIBCs) and have a 70% risk of recurrence and a 20% risk of progression, despite being treated with surgery

(transurethral resection (TUR) of tumor), local chemotherapy, or non-specific immunotherapy (Bacillus Calmette–

Guérin (BCG)) . The remaining 25% of BCs are muscle-invasive BCs (MIBCs) and require radical

cystectomy, usually followed by cisplatin-based chemotherapy. Patients with a poor performance status and/or

metastatic disease have limited treatment options but may benefit from novel therapies such as immunotherapy,

e.g., those that have recently been approved by the United States Food and Drug Administration (FDA) .

The clinical management of BC is complex. Macroscopic or microscopic urinary hematuria is one of the most

prevalent symptoms in early stage BC, but alone it has low specificity (5%) since it can be present in other benign

pathologies such as cystitis or urinary tract infections . Therefore, urinary cytology and cystoscopy are routinely

used for BC diagnosis and follow-up. Urinary cytology is a non-invasive procedure with a reasonable in-house cost,
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but it has poor sensitivity in low-grade BC detection. Consequently, white light cystoscopy is the gold standard for

BC detection. However, this method also has drawbacks related to the omission of carcinomas in situ and

preneoplasic lesions, user-dependent interpretation, invasiveness, and high costs . In fact, the clinical

management of NMIBC is one of the most expensive due to lifelong patient monitoring through cystoscopy and

urinary cytology  to control the appearance of tumor recurrences and progression, and also due to the TUR

which is carried out in recurrent BC. Due to the fact that urinary cytology and cystoscopy cannot provide prognostic

information on BC disease development, the European Organization for the Research and Treatment of Cancer

(EORTC) criteria are used to stratify NMIBC patients into low, intermediate, or high-risk groups, which are related

to disease recurrence or progression . However, although the EORTC scoring system is useful to guide the

treatment of patients, it is obtained by the combination of static parameters (e.g., tumor grade and stage, number

of tumors, size of tumors, presence of CIS) that do not reflect the dynamic behavior of tumors.

Taking into account the shortcomings of cystoscopy and urine cytology, research is being conducted to find specific

and non-invasive BC biomarkers that provide dynamic information of tumors and improve patient management by

avoiding unnecessary cystoscopies in the surveillance of them.

In the last decade, liquid biopsies have revolutionized oncology as a novel, non-invasive method to evaluate the

treatment responses, assess therapy resistance, or characterize the tumor phenotype. Biomolecules such as

circulating tumor cells (CTCs), circulating cell-free tumor deoxyribonucleic acid (ctDNA), messenger ribonucleic

acids (mRNAs), micro-RNAs (miRNAs), long non-coding RNAs (lncRNAs), proteins and peptides, metabolites and

vesicles (exosomes and endosomes) can be obtained from liquid biopsies and analyzed to provide information

about the tumor . Among samples used to find BC biomarkers, urine and blood have been the most frequent

since the bladder releases cells and molecules into these biofluids . To date, different assays based on CTCs,

sediment cells, proteins, and mRNA detection have been carried out in urine or serum, and have received FDA

approval for BC diagnosis and/or follow-up. Some examples are uCyt+, UroVysion, UroMark, CellSearch,

CxBladder, CxBladder Monitor, Xpert BC Detection, NMP22, BTA TRAK and BTA stat . However, given their low

sensitivities and/or specificities, none of them have been shown to be superior to cystoscopy and have thus not yet

been implemented into clinical practice. Currently, liquid biopsy is a promising non-invasive biomarker approach,

and thus it may improve the management of BC.

Among molecular and analytic techniques used to identify biomarkers, metabolomics and epigenomics have

developed rapidly in the past decade. Metabolic reprogramming and epigenetic modifications are two well-known

hallmarks of cancer and their regulation is tightly linked to the tumor microenvironment and the eenvironment (e.g.,

microbiota), but is also influenced by other molecular processes (i.e., the genome, transcriptome, and proteome)

. Consequently, metabolomics and epigenomics have been found to be dynamic and closely reflect the

phenotype of the tumor . In addition, several studies have shown that the metabolome and epigenome

establish bidirectional relationships in cancer cells. The metabolic reprogramming of cancer cells supports

bioenergetic and biosynthetic demands of proliferation, but also alters the epigenetic landscape by modulating

epigenetic metabolites. Furthermore, epigenetic mechanisms regulate metabolic gene expression to offer adaptive

responses to rapidly changing environmental conditions and prolong tumor cell survival .
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Understanding this dynamic relationship between metabolism and epigenetics and how they may be dysregulated

in cancer is crucial to identify novel therapeutic targets and biomarkers. Additionally, it may provide a better

understanding of the biological machinery underlying each tumor phenotype, thereby taking one step closer to

precision medicine for the individualized treatment of patients in different types of cancer.

2. Metabolic Rewiring Controls the Epigenome in BC

It is widely known that cancer development and progression are due to genetic mutations in DNA. However, the

role of metabolism and epigenetics has only been recognized in the last decade when the reprogramming of

energy metabolism and epigenetic plasticity have been identified as two emerging hallmarks of cancer .

Cancer cells alter their metabolic and nutrient uptake pathways during tumor initiation, growth, and metastasis

through a tightly regulated program of metabolic plasticity. This allows them to sustain the energetic and

biosynthetic demands of cell proliferation and to adapt to hostile and ever-changing environments . Epigenetic

modifiers act on metabolic gene expression to induce changes in biochemical pathways, and many of the chemical

modifications in DNA and histones derive from intermediates of cellular metabolic pathways. This indicates that

fluctuations in metabolic concentrations affect the deposition and removal of chromatin modifications. Emphasizing

on this last issue, several mechanisms have to be considered, such as: (i) the alteration of specific metabolites’

concentrations that act as epigenetic cofactors or substrates; (ii) the generation of oncometabolites which act as

inhibiting or activating epigenetic enzymes; and (iii) the translocation of metabolic enzymes and metabolites into

the nucleus . Below, we address these regulation processes in the context of BC.

2.1. Metabolites and DNA/Histone Methylation Processes

DNA methylation is one of the most studied epigenetic mechanisms in cancer, including BC. Methylation can be

produced directly in promoter regions of cancer-related genes (CpG islands) or in residues of histones, and this

can control DNA accessibility and regulate gene expression. In DNA or histone methylation processes, the

availability of methyl groups is essential for the action of histone methyltransferases (HMTs) and DNA

methyltransferases (DNMT) . In this context, the methionine and folate cycles, as well as the metabolites

involved in these pathways (serine, methionine, and the cofactor S-adenosyl-methionine (SAM)), have an

important role in supplying one-carbon groups  and they are closely related to DNA methylation processes

(Figure 1). High levels of these metabolites have been found in BC samples and are postulated as candidate

biomarkers of BC . SAM provides methyl groups that release S-adenosyl-homocysteine (SAH), an inhibitor of

DNMTs and HMTs. Therefore, the SAM/SAH ratio is a major determinant of chromatin methylation. It is known that

an increased SAM/SAH ratio correlates with hypermethylation of tumor suppressor genes and inappropriate

silencing, whereas a decreased SAM/SAH ratio contributes to reduced methylation at the promoters of oncogenes

(Figure 1) .
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Figure 1. Metabolism controls epigenetic enzymes in BC. Ac CoA: acetyl coenzyme A; ADP: adenosine

diphosphate; α-KG: alpha-ketoglutarate; ATP: adenosine triphosphate; DNMTs: DNA methyltransferases; FADH2:

flavin adenine dinucleotide; GLS: glutaminase; GLUT: glucose transporter; HADAC: histone deacetylase; HATs:

histone acetyltransferases; 2-HG: 2-hydroxyglutarate; HIF-1α: hypoxia-inducible factor subunit alpha; HMTs:

histone methyltransferases; HK: hexokinase; JHDMs: JmjC-domain-containing histone demethylases; KDMs:

lysine demethylases; LDHA: lactate dehydrogenase A; Met: methionine; NADH: nicotinamide adenine dinucleotide;

N5-MTHF: 5-methyltetrahydrofolate; OXPHOX: oxidative phosphorylation; 3-PG: 3-phosphoglycerate; PGK:

phosphoglycerate kinase; PI3K: phosphoinositide 3-kinases; PK: pyruvate kinase; PPP: pentose phosphate

pathway; SAM: S-adenosyl methionine; Ser: serine; TCA cycle: tricarboxylic acid cycle; TETs: ten eleven

translocation enzymes; THF: tetrahydrofolate.

Demethylation reactions are also susceptible to metabolic fluctuations of TCA cycle intermediates, such as α-KG,

succinate, fumarate, and acetyl-CoA, which have been postulated as BC biomarkers . They act on chromatin-

modifying enzymes such as the 2-oxoglutarate-dependent dioxygenases (2-OGDO) family, which include ten

eleven translocation (TET) enzymes, and the Jumonji (JHDMs) family of histone demethylases (Figure 1) .

These enzymes catalyze the hydroxylation and demethylation of proteins and nucleic acids and play an important

role in epigenetic processes. α-KG acts as a positive cofactor of 2-OGDO, thus elevated levels of α-KG from

glucose and glutamine catabolism would promote demethylation processes that would influence BC epigenetic

landscapes by relaxing chromatin and activating oncogene expression. Additionally, α-KG is a substrate of prolyl

hydroxylase (PHDs), a type of protein that regulates hypoxia-inducible factors (HIFs) . HIF subunit alpha
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(HIF-1α) regulates various processes and, under hypoxic conditions, can promote cancer cell survival. In the

presence of oxygen, PHD proteins hydroxylate proline residues on HIF-1α, which leads to HIF-1α ubiquitination by

Von Hippel–Lindau tumor suppressor protein (pVHL) and its proteasomal degradation . In the context of cancer,

most tumors have hypoxic regions and, in this case, HIF-1α is stabilized and triggers changes in glycolysis, nutrient

uptake, waste handling, angiogenesis, apoptosis, and cell migration, which promote tumor survival and metastasis

.

In BC, HIF-1α has a predictive and prognostic role; its overexpression is known to stimulate angiogenesis and can

lead to a poor prognosis for patients . HIF-1α is also closely linked to metabolism and regulates glycolysis, fatty

acid, and amino acid pathways. HIF-1α increases glucose uptake by upregulating glucose membrane transporters

(GLUT1 and GLUT3), which has been correlated with BC progression and poor overall survival  (Figure 1).

Furthermore, HIF-1α upregulates lactate dehydrogenase A (LDHA) to promote lactate production, regenerates

nicotinamide adenine dinucleotide (NAD+), and increases the transcription of lactate transporters such as

monocarboxylate transporter 1 (MCT1) . This, in addition to high levels of hexokinase (HK), promotes a

glucose flux towards pyruvate and lactate generation . Previous studies have shown that lactate levels are

related to BC progression and invasive or metastatic BC is known to have higher levels of this metabolite .

These metabolic processes would be in concordance with the Warburg effect . Regarding lipid metabolism,

several studies in cancer, including BC, have shown that HIF-1α increases the availability of fatty acids by

regulating the action of fatty acid synthase (FAS), increasing fatty acid transport and reducing fatty acid oxidation

. In addition, HIF-1α plays an important role in amino acid metabolism, particularly in glutamine availability

(Figure 1).

Cancer cells use glutamine as an energy substrate, a precursor of fatty acids, a donor of carbon and nitrogen for

generating nucleotides or other amino acids, and to maintain the poll of intermediate metabolites such as acetyl-

CoA or α-KG. These last metabolites are important for the anaplerotic reactions of the TCA cycle, but also for

epigenetic processes by the effect that they have on HAT and HDM . Due to the role that glutamine has in BC

cells, several studies have investigated the inhibitory action that lncRNAs (e.g., lncRNA-p21) or miRNAs (e.g., miR-

1, miR-1-3p, miR-9, miR-129) exert on GLS regulation (more details in Section 3.1.2) .

On the other hand, fumarate hydratase (FH) and succinate dehydrogenase (SDH) genes are mutated in many

human cancers, including BC, which leads to the accumulation of their substrates, fumarate and succinate,

respectively . This is consistent with metabolomic analyses, which have shown increased levels of these

metabolites in BC , but also with transcriptomic studies that have shown a strong deregulation of TCA cycle

genes . Among others, succinate, fumarate and α-KG are considered oncometabolites. This term refers to

metabolites that are significantly elevated in tumor cells compared with control cells . Succinate and fumarate,

together with 2-hydroxyglutarate (2-HG), can inhibit PHDs activity under normoxic conditions . Hence, succinate

and fumarate could act as competitors of α-KG, inhibiting JHDMs and TET activity, and acting on bladder tumor

biology through a profound impact on epigenetic effector activity  (see Figure 1). In conclusion, tumor-gene
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expression is regulated by epigenetic enzymes, the activity of which is dependent on metabolite availability

(substrates).

2.2. Metabolites, Histone Acetylation Processes and Sirtuins

Another important metabolite, acetyl-CoA, is synthetized in several metabolic pathways (mitochondria, cytosol, and

nucleus) from several sources, namely pyruvate, acetate, fatty acid β-oxidation, and amino acid catabolism.

Metabolomic studies have reported elevated levels of acetyl-CoA in BC , and have particularly highlighted the

role of glutamine as a substrate for acetyl-CoA synthesis . Additionally, upregulated expression of acetyl-CoA

synthase enzymes, such as ATP citrate-lyase (ACYL) or acetyl-CoA synthetase short chain family (ACSS), has

been frequently found in BC cells, and some studies have reported the importance of ACSS3 for histone

acetylation . Acetyl-CoA acts as a cofactor which modulates kinetic and binding parameters of histone

acetyltransferases (HATs). Nevertheless, CoA, the product of histone acetylation reaction, acts as an inhibitor.

Therefore, the acetyl-CoA/CoA ratio has been postulated as the most important regulator of the enzymatic activity

and specificity of HATs, rather than the absolute levels of acetyl-CoA . In brief, high intracellular acetyl-CoA

levels would trigger histone acetylation, an epigenetic marker associated with open chromatin, activating

oncogenes linked with BC progression, proliferation and migration .

Another connection between metabolic processes and histone acetylation is provided by sirtuins (SIRTs), a type of

NAD+-dependent histone deacetylases (HDACs) . The activity of these enzymes is closely linked with the

NAD+/NADH ratio, and consequently with the energy status in the cell. For example, when glycolytic activity is

enhanced, the NAD+/NADH ratio decreases, thereby inhibiting SIRT catalysis . The low NAD+/NADH ratio,

together with an increase in HATs activity by elevated acetyl-CoA levels, could contribute to histone

hyperacetylation and therefore an aberrant gene expression in BC .

2.3. Role of Metabolites in the Nucleus

Finally, the translocation or production of commonly cytosolic metabolic effectors in the nucleus can supply

essential intermediates to epigenetic machinery in specific chromatin regions, which affects gene expression.

Increased SAM levels in the nucleus support epigenetic methyltransferase activity at specific regions of chromatin

. This has been observed in cancer cells and is related to the translocation of splicing variants of MATs (S-

adenosylmethionine synthetase, also known as methionine adenosyltransferase). Upregulated MAT1A levels have

been reported in BC, specifically after treatment with chemotherapy, so MAT1A and possibly SAM could be related

to the repression of tumor suppressor genes, (e.g., whose inhibition could confer tolerance or resistance to

chemotherapy). Conversely, increased nuclear levels of acetyl-CoA can be produced by free diffusion of citrate or

acetyl-CoA, but also by transient localization of the enzymes involved in its synthesis: ACSS2, ACLY, pyruvate

dehydrogenase complex (PDC), and CAT (carnitine acetyltransferase). Post-translational modification of these

enzymes within the nucleus or their association with lysine acetyltransferases (KATs) and transcription factors

would explain their roles in chromatin regulation . When there is DNA damage, ACYL is phosphorylated within

the nucleus, which promotes histone H4 acetylation near sites of DNA double-strand breaks to repair them.

[28]

[14]

[49]

[50]

[20][30]

[51]

[20][30]

[30]

[20]

[48]



Dynamic Metabolic Regulation in BC | Encyclopedia.pub

https://encyclopedia.pub/entry/11209 7/12

Therefore, in response to DNA damage, ACLY phosphorylation would be enhanced, which would allow an increase

in the capture of citrate or acetyl-CoA in the nucleus . On the other hand, ACSS2 is recruited to specific genomic

loci to supply acetyl-CoA for site-specific histone acetylation. Some studies have found that ACSS2 is translocated

to the nucleus under low-glucose conditions upon phosphorylation by AMPK. Since cellular acetyl-CoA levels

decrease when glucose is limited, a localized source of acetyl-CoA generated by ACSS2 could ensure the

availability of this metabolite to KATs for histone acetylation . PDC acts as a co-activator of signal transducers

and activators of transcription 5 (STAT5) proteins. STAT5 proteins regulate specific nuclear genes in response to

growth factors and cytokines which are linked to crucial cellular functions such as proliferation, differentiation, and

survival. The role of STAT proteins is underscored in the field of cancer because tumors have an aberrant

constitutive activation of them, which significantly contributes to tumor cell survival and malignant progression of

disease . Specifically in the context of BC, the findings obtained by Sun Y et al. suggested that the inhibition of

STAT signaling by diindolylmethane (DIM) could decrease the invasiveness of BC, since DIM induced apoptosis in

radioresistant cell lines. Therefore, DIM plus radiotherapy could be useful in overcoming such resistance . Other

studies performed in BC cell lines using inhibitors against STAT3/5 such as Stattic, Nifuroxazide and SH-4-54 also

showed reduced survival and increased apoptosis. In a xenograft model, Static monotherapy had effects on

tumors, but its combination with chemotherapy had additive effects. These findings highlight that inhibitors against

STAT3/5 are promising as novel mono- and combination therapies in BC .

On the other hand, the regulation of NAD+/NADH levels in the nucleus is guaranteed by the activity of glycolytic

enzymes (e.g., LDHA and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)) since mitochondrial and nuclear

membranes are impermeable to these cofactors . Within the nucleus, NADH could be implicated in regulatory

processes associated with histone acetylation, which in turn would influence transcriptional activity.

Last, the role of pyruvate kinase embryonic isozyme M2 (PKM2) in BC has previously been highlighted. Monomeric

PKM2 translocates into the nucleus where it functions as a protein kinase that phosphorylates histones during

gene transcription and chromatin remodeling . Additionally, PKM2 upregulates the expression of c-Myc and

cyclin D1, promoting the Warburg effect and cell cycle progression, respectively. Therefore, the role of nuclear

PKM2 has been described as crucial for tumorigenesis, angiogenesis, and metastasis, and this protein has been

postulated as a target for treating human cancers, including BC . Numerous studies have correlated PKM2

overexpression with the development and metastasis of BC through promoting cell proliferation, migration and

invasion via the mitogen-activated protein kinase (MAPK) signaling pathway , but also with advanced BC

chemoresistance to cisplatin  or anticancer efficiency to pirarubicin . Consequently, PKM2 could be a

potential molecular prognostic marker of BC .

In brief, metabolic enzymes in the nucleus link metabolic flux to gene regulation, and allow nuclear membrane-

impermeable metabolites to be used in epigenetic processes . This metabolism–epigenetics axis would facilitate

the adaptation to a changing environment around bladder tumors, providing a potential novel therapeutic target.

The role that metabolites can play in modulating epigenetic enzyme action and gene expression is depicted in

Figure 1.

[48]

[48]

[49]

[50]

[51]

[20]

[52]

[53]

[54]

[55] [56]

[57]

[58]



Dynamic Metabolic Regulation in BC | Encyclopedia.pub

https://encyclopedia.pub/entry/11209 8/12

References

1. Burger, M.; Catto, J.W.F.; Dalbagni, G.; Grossman, H.B.; Herr, H.; Karakiewicz, P.; Kassouf, W.;
Kiemeney, L.A.; La Vecchia, C.; Shariat, S.; et al. Epidemiology and risk factors of urothelial
bladder cancer. Eur. Urol. 2013, 63, 234–241.

2. Kaseb, H.; Aeddula, N.R. Bladder Cancer. En: StatPearls [Internet]; StatPearls Publishing:
Treasure Island, FL, USA. Available online: (accessed on 20 August 2020).

3. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics
2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185
countries. Ca. Cancer J. Clin. 2018, 68, 394–424.

4. Anastasiadis, A.; de Reijke, T.M. Best practice in the treatment of nonmuscle invasive bladder
cancer. Adv. Urol. 2012, 4, 13–32.

5. Knowles, M.A.; Hurst, C.D. Molecular biology of bladder cancer: New insights into pathogenesis
and clinical diversity. Nat. Publ. Gr. 2015, 15, 25–41.

6. Ghatalia, P.; Zibelman, M.; Geynisman, D.M.; Plimack, E. Approved checkpoint inhibitors in
bladder cancer: Which drug should be used when? Adv. Med. Oncol. 2018, 10.

7. Rosser, C.J.; Urquidi, V.; Goodison, S. Urinary biomarkers of bladder cancer: An update and
future perspectives. Biomark. Med. 2013, 7, 779–790.

8. Cauberg Evelyne, C.; de Reijke, T.; de la Rosette, J.M.C. Emerging optical techniques in
advanced cystoscopy for bladder cancer diagnosis: A review of the current literature. Indian J.
Urol. 2011, 27, 245.

9. Babjuk, M.; Böhle, A.; Burger, M.; Capoun, O.; Cohen, D.; Compérat, E.M.; Hernández, V.;
Kaasinen, E.; Palou, J.; Rouprêt, M.; et al. EAU Guidelines on Non–Muscle-invasive Urothelial
Carcinoma of the Bladder: Update 2016. Eur. Urol. 2017, 71, 447–461.

10. Svatek, R.S.; Hollenbeck, B.K.; Holmäng, S.; Lee, R.; Kim, S.P.; Stenzl, A.; Lotan, Y. The
economics of bladder cancer: Costs and considerations of caring for this disease. Eur. Urol. 2014,
66, 253–262.

11. Leal, J.; Luengo-Fernandez, R.; Sullivan, R.; Witjes, J.A. Economic Burden of Bladder Cancer
across the European Union. Eur. Urol. 2016, 69, 438–447.

12. Sylvester, R.J.; Van Der Meijden, A.P.M.; Oosterlinck, W.; Witjes, J.A.; Bouffioux, C.; Denis, L.;
Newling, D.W.W.; Kurth, K. Predicting recurrence and progression in individual patients with stage
Ta T1 bladder cancer using EORTC risk tables: A combined analysis of 2596 patients from seven
EORTC trials. Eur. Urol. 2006, 49, 466–475.

13. Lodewijk, I.; Dueñas, M.; Rubio, C.; Munera-Maravilla, E.; Segovia, C.; Bernardini, A.; Teijeira, A.;
Paramio, J.M.; Suárez-Cabrera, C. Liquid Biopsy Biomarkers in Bladder Cancer: A Current Need



Dynamic Metabolic Regulation in BC | Encyclopedia.pub

https://encyclopedia.pub/entry/11209 9/12

for Patient Diagnosis and Monitoring. Int. J. Mol. Sci. 2019, 19, 2514.

14. Loras, A.; Su, C.; Mart, M.C. Integrative Metabolomic and Transcriptomic Analysis. Cancers 2019,
11, 686.

15. De Oliveira, M.C.; Caires, H.R.; Oliveira, M.J.; Fraga, A.; Vasconcelos, M.H.; Ribeiro, R. Urinary
Biomarkers in Bladder Cancer: Where Do We Stand and Potential Role of Extracellular Vesicles.
Cancers 2020, 12, 1400.

16. Armitage, E.G.; Ciborowski, M. Applications of Metabolomics in Cancer Studies. Adv. Exp. Med.
Biol. 2017, 965, 209–234.

17. Pavlova, N.N.; Thompson, C.B. The Emerging Hallmarks of Cancer Metabolism. Cell Metab.
2016, 23, 27–47.

18. Holmes, E.; Wilson, I.D.; Nicholson, J.K. Metabolic phenotyping in health and disease. Cell 2008,
134, 714–717.

19. Smolinska, A.; Blanchet, L.; Buydens, L.M.; Wijmenga, S.S. NMR and pattern recognition
methods in metabolomics: From data acquisition to biomarker discovery: A review. Anal. Chim.
Acta 2012, 750, 82–97.

20. Crispo, F.; Condelli, V.; Lepore, S.; Notarangelo, T.; Sgambato, A.; Esposito, F.; Maddalena, F.;
Landriscina, M. Metabolic Dysregulations and Epigenetics: A Bidirectional Interplay that Drives
Tumor Progression. Cells 2019, 8, 798.

21. Wong, C.C.; Qian, Y.; Yu, J. Interplay between epigenetics and metabolism in oncogenesis:
Mechanisms and therapeutic approaches. Oncogene 2017, 36, 3359–3374.

22. Flavahan, W.A.; Gaskell, E.; Bernstein, B.E. Epigenetic plasticity and the hallmarks of cancer.
Science 2017, 357, eaal2380.

23. Fouad, Y.A.; Aanei, C. Revisiting the hallmarks of cancer. Am. J. Cancer Res. 2017, 7, 1016–
1036.

24. Frontiers-Metabolism and Transcription in Cancer: Merging Two Classic Tales-Cell and
Developmental Biology [Internet]. Available online: (accessed on 20 August 2020).

25. Putluri, N.; Shojaie, A.; Vasu, V.T.; Vareed, S.K.; Nalluri, S.; Putluri, V.; Thangjam, G.S.; Panzitt,
K.; Tallman, C.T.; Butler, C.; et al. Metabolomic profiling reveals potential markers and
bioprocesses altered in bladder cancer progression. Cancer Res. 2011, 71, 7376–7386.

26. Wittmann, B.M.; Stirdivant, S.M.; Mitchell, M.W.; Wulff, J.E.; McDunn, J.E.; Li, Z.; Dennis-Barrie,
A.; Neri, B.P.; Milburn, M.V.; Lotan, Y.; et al. Bladder cancer biomarker discovery using global
metabolomic profiling of urine. PLoS ONE 2014, 9, e115870.



Dynamic Metabolic Regulation in BC | Encyclopedia.pub

https://encyclopedia.pub/entry/11209 10/12

27. Miranda-Gonçalves, V.; Lameirinhas, A.; Henrique, R.; Jerónimo, C. Metabolism and epigenetic
interplay in cancer: Regulation and putative therapeutic targets. Front. Genet. 2018, 9, 427.

28. Jin, X.; Yun, S.J.; Jeong, P.; Kim, I.Y.; Kim, W.-J.; Park, S. Diagnosis of bladder cancer and
prediction of survival by urinary metabolomics. Oncotarget 2014, 5, 1635–1645.

29. Rasmussen, K.D.; Helin, K. Role of TET enzymes in DNA methylation, development, and cancer.
Genes Dev. 2016, 30, 733–750.

30. Knaap, J.A.; van der Verrijzer, C.P. Undercover: Gene control by metabolites and metabolic
enzymes. Genes Dev. 11 Enero 2016, 30, 2345–2369.

31. Martínez-reyes, I.; Chandel, N.S. Mitochondrial TCA cycle metabolites control. Nat. Commun.
2020, 1–11.

32. Majmundar, A.J.; Wong, W.J.; Simon, M.C. Hypoxia inducible factors and the response to hypoxic
stress. Mol. Cell 2010, 40, 294–309.

33. Zdzisin, B. Alpha-Ketoglutarate as a Molecule with Pleiotropic Activity: Well-Known and Novel
Possibilities of Therapeutic Use. Arch. Immunol. Exp. 2017, 21–36.

34. Jun, J.C.; Rathore, A.; Younas, H.; Gilkes, D.; Polotsky, V.Y. Hypoxia-Inducible Factors and
Cancer. Curr. Sleep Med. Rep. 2017, 3, 1–10.

35. Theodoropoulos, V.E.; Lazaris, A.C.; Sofras, F.; Gerzelis, I.; Tsoukala, V.; Ghikonti, I.; Manikas, K.;
Kastriotis, I. Hypoxia-inducible factor 1 alpha expression correlates with angiogenesis and
unfavorable prognosis in bladder cancer. Eur. Urol. 2004, 46, 200–208.

36. Lew, C.R.; Guin, S.; Theodorescu, D. Targeting glycogen metabolism in bladder cancer. Nat. Rev.
Urol. 2015, 12, 383–391.

37. Miao, P.; Sheng, S.; Sun, X.; Liu, J.; Huang, G. Lactate dehydrogenase A in cancer: A promising
target for diagnosis and therapy. IUBMB Life 2013, 65, 904–910.

38. Zhang, G.; Zhang, Y.; Dong, D.; Wang, F.; Ma, X.; Guan, F. MCT1 regulates aggressive and
metabolic phenotypes in bladder cancer. J. Cancer 2018, 9.

39. Conde, V.R.; Oliveira, P.F.; Nunes, A.R.; Rocha, C.S.; Ramalhosa, E.; Pereira, J.A.; Alves, M.G.;
Silva, B.M. The progression from a lower to a higher invasive stage of bladder cancer is
associated with severe alterations in glucose and pyruvate metabolism. Exp. Cell Res. 2015, 335,
91–98.

40. DeBerardinis, R.J.; Chandel, N.S. We need to talk about the Warburg effect. Nat. Metab. 2020, 2,
127–129.

41. Mylonis, I.; Simos, G.; Paraskeva, E. Hypoxia-Inducible Factors and the Regulation of Lipid
Metabolism. Cells 2019, 8, 214.



Dynamic Metabolic Regulation in BC | Encyclopedia.pub

https://encyclopedia.pub/entry/11209 11/12

42. Zhang, J.; Wang, L.; Mao, S.; Liu, M.; Zhang, W.; Zhang, Z.; Guo, Y.; Huang, B.; Yan, Y.; Huang,
Y.; et al. MiR-1-3p contributes to cell proliferation and invasion by targeting glutaminase in bladder
cancer cells. Cell. Physiol. Biochem. 2018, 51, 513–527.

43. Zhou, Q.; Zhan, H.; Lin, F.; Liu, Y.; Yang, K.; Gao, Q.; Ding, M.; Liu, Y.; Huang, W.; Cai, Z.
LincRNA-p21 suppresses glutamine catabolism and bladder cancer cell growth through inhibiting
glutaminase expression. Biosci. Rep. 2019, 29.

44. Zhou, Y.; Song, R.; Zhang, Z.; Lu, X.; Zeng, Z.; Hu, C.; Liu, X.; Li, Y.; Hou, J.; Sun, Y.; et al. The
development of plasma pseudotargeted GC-MS metabolic profiling and its application in bladder
cancer. Anal. Bioanal. Chem. 2016, 408, 6741–6749.

45. Khatami, F.; Aghamir, S.M.K.; Tavangar, S.M. Oncometabolites: A new insight for oncology. Mol.
Genet. Genom. Med. 2019, 7.

46. Sciacovelli, M.; Frezza, C. Oncometabolites: Unconventional triggers of oncogenic signalling
cascades. Free Radic. Biol. Med. 2016, 100, 175–181.

47. Xiao, M.; Yang, H.; Xu, W.; Ma, S.; Lin, H.; Zhu, H.; Liu, L.; Liu, Y.; Yang, C.; Xu, Y.; et al. Inhibition
of α-KG-dependent histone and DNA demethylases by fumarate and succinate that are
accumulated in mutations of FH and SDH tumor suppressors. Genes Dev. 2012, 26, 1326–1338.

48. Campbell, S.L.; Wellen, K.E. Metabolic Signaling to the Nucleus in Cancer. Mol. Cell. 2018, 71,
398–408.

49. Rani, A.; Murphy, J.J. STAT5 in Cancer and Immunity. J. Interferon. Cytokine Res. 2016, 36, 226–
237.

50. Sun, Y.; Cheng, M.K.; Griffiths, T.R.; Mellon, J.K.; Kai, B.; Kriajevska, M.; Manson, M.M. Inhibition
of STAT signalling in bladder cancer by diindolylmethane: Relevance to cell adhesion, migration
and proliferation. Curr. Cancer Drug Targets 2013, 13, 57–68.

51. Hindupur, S.V.; Schmid, S.C.; Koch, J.A.; Youssef, A.; Baur, E.M.; Wang, D.; Horn, T.; Slotta-
Huspenina, J.; Gschwend, J.E.; Holm, P.S.; et al. STAT3/5 Inhibitors Suppress Proliferation in
Bladder Cancer and Enhance Oncolytic Adenovirus Therapy. Int. J. Mol. Sci. 2020, 21, 1106.

52. Bernstein, B.E.; Meissner, A.; Lander, E.S. The Mammalian Epigenome. Cell 2007, 128, 669–681.

53. Yang, W.; Lu, Z. Nuclear PKM2 regulates the Warburg effect. Cell Cycle 2013, 12, 3154–3158.

54. Zhu, Q.; Hong, B.; Zhang, L.; Wang, J. Pyruvate kinase M2 inhibits the progression of bladder
cancer by targeting MAKP pathway. J. Cancer Res. 2018, 14, S616–S621.

55. Wang, X.; Zhang, F.; Wu, X.R. Inhibition of Pyruvate Kinase M2 Markedly Reduces
Chemoresistance of Advanced Bladder Cancer to Cisplatin. Sci. Rep. 2017, 7, 1–13.



Dynamic Metabolic Regulation in BC | Encyclopedia.pub

https://encyclopedia.pub/entry/11209 12/12

56. Su, Q.; Tao, T.; Tang, L.; Deng, J.; Darko, K.O.; Zhou, S.; Peng, M.; He, S.; Zeng, Q.; Chen, A.F.;
et al. Down-regulation of PKM2 enhances anticancer efficiency of THP on bladder cancer. J. Cell.
Mol. Med. 2018, 2774–2790.

57. Huang, C.; Huang, Z.; Bai, P.; Luo, G.; Zhao, X.; Wang, X. Expression of pyruvate kinase M2 in
human bladder cancer and its correlation with clinical parameters and prognosis. Oncol. Targets
2018, 11, 2075–2082.

58. Boukouris, A.E.; Zervopoulos, S.D.; Michelakis, E.D. Metabolic Enzymes Moonlighting in the
Nucleus: Metabolic Regulation of Gene Transcription. Trends Biochem. Sci. 2016, 41, 712–730.

Retrieved from https://encyclopedia.pub/entry/history/show/26554


