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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, a-KG and
acetyl-CoA enhance the activity of histone demethylases and acetyl transferases, increasing gene expression, while
succinate and fumarate have an inhibitory role.
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| 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 2],
Worldwide, BC represents the sixth most frequent tumor with 424,082 new cases per year, and it is considered within the
ten deadliest cancers &I,

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)) WHAIE, 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, 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 [EIEILA |n fact, the clinical management of NMIBC is one of the most expensive due to
lifelong patient monitoring through cystoscopy and urinary cytology 2 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 12, 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 (mMRNAs), micro-RNAs
(miRNAs), long non-coding RNAs (IncRNAs), proteins and peptides, metabolites and vesicles (exosomes and
endosomes) can be obtained from liquid biopsies and analyzed to provide information about the tumor 13, 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 24!, To date, different assays based on CTCs, sediment cells, proteins, and mMRNA 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 13, 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) RELZ  Consequently,
metabolomics and epigenomics have been found to be dynamic and closely reflect the phenotype of the tumor 2819 |n
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 29121,

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 [221(23],

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 24, 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;
(i) the generation of oncometabolites which act as inhibiting or activating epigenetic enzymes; and (iii) the translocation of
metabolic enzymes and metabolites into the nucleus 2%, 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) 22, |n 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 29 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 221268l 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 (Eigure
1),
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Figure 1. Metabolism controls epigenetic enzymes in BC. Ac CoA: acetyl coenzyme A; ADP: adenosine diphosphate; a-
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-1a: 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 a-KG,
succinate, fumarate, and acetyl-CoA, which have been postulated as BC biomarkers 2828l They act on chromatin-
modifying enzymes such as the 2-oxoglutarate-dependent dioxygenases (2-OGDQ) family, which include ten eleven
translocation (TET) enzymes, and the Jumonji (JHDMs) family of histone demethylases (Figure 1) 29B031] These
enzymes catalyze the hydroxylation and demethylation of proteins and nucleic acids and play an important role in
epigenetic processes. 0-KG acts as a positive cofactor of 2-OGDO, thus elevated levels of a-KG from glucose and
glutamine catabolism would promote demethylation processes that would influence BC epigenetic landscapes by relaxing
chromatin and activating oncogene expression. Additionally, a-KG is a substrate of prolyl hydroxylase (PHDs), a type of
protein that regulates hypoxia-inducible factors (HIFs) 2233l HIF subunit alpha (HIF-1a) regulates various processes and,
under hypoxic conditions, can promote cancer cell survival. In the presence of oxygen, PHD proteins hydroxylate proline
residues on HIF-1a, which leads to HIF-1a ubiquitination by Von Hippel-Lindau tumor suppressor protein (pVHL) and its
proteasomal degradation B4 In the context of cancer, most tumors have hypoxic regions and, in this case, HIF-1a is
stabilized and triggers changes in glycolysis, nutrient uptake, waste handling, angiogenesis, apoptosis, and cell migration,
which promote tumor survival and metastasis 241,

In BC, HIF-1a has a predictive and prognostic role; its overexpression is known to stimulate angiogenesis and can lead to
a poor prognosis for patients B2, HIF-1a is also closely linked to metabolism and regulates glycolysis, fatty acid, and
amino acid pathways. HIF-1a increases glucose uptake by upregulating glucose membrane transporters (GLUT1 and
GLUT3), which has been correlated with BC progression and poor overall survival 28 (Figure 1).

Furthermore, HIF-1a 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) B4[E8], This, in addition to high levels of hexokinase (HK), promotes a glucose flux
towards pyruvate and lactate generation 2. 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 2839, These metabolic
processes would be in concordance with the Warburg effect 9. Regarding lipid metabolism, several studies in cancer,



including BC, have shown that HIF-1a increases the availability of fatty acids by regulating the action of fatty acid
synthase (FAS), increasing fatty acid transport and reducing fatty acid oxidation 4. In addition, HIF-1a plays an important
role in amino acid metabolism, particularly in glutamine availability (Eigure 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 o-
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 4. Due to the role that glutamine has in BC cells, several studies have
investigated the inhibitory action that IncRNAs (e.g., IncRNA-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) [421(43],

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 B9 This
is consistent with metabolomic analyses, which have shown increased levels of these metabolites in BC 28124 byt also
with transcriptomic studies that have shown a strong deregulation of TCA cycle genes 14 Among others, succinate,
fumarate and o-KG are considered oncometabolites. This term refers to metabolites that are significantly elevated in
tumor cells compared with control cells 421, Succinate and fumarate, together with 2-hydroxyglutarate (2-HG), can inhibit
PHDs activity under normoxic conditions B, Hence, succinate and fumarate could act as competitors of a-KG, inhibiting
JHDMSs and TET activity, and acting on bladder tumor biology through a profound impact on epigenetic effector activity 48!
(4711481 (see Figure 1). In conclusion, tumor-gene 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 -oxidation, and amino acid catabolism. Metabolomic
studies have reported elevated levels of acetyl-CoA in BC 28], and have particularly highlighted the role of glutamine as a
substrate for acetyl-CoA synthesis 4. 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 4. 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 BY. 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 229,

Another connection between metabolic processes and histone acetylation is provided by sirtuins (SIRTs), a type of NAD+-
dependent histone deacetylases (HDACs) 21, 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 2939, 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 B9,

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 2%, 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 48, 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. 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 8. 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 28, 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 49l 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 BY. 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
5

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 29, 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 2. 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 3. 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 4, but also with advanced BC chemoresistance to cisplatin 52! or anticancer efficiency to pirarubicin
(58], Consequently, PKM2 could be a potential molecular prognostic marker of BC 34,

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 8. 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.
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