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INTRODUCTION

Bladder cancer is the fifth most common malignancy in the 
United States, with an estimated 76,960 new cases and 16,390 
deaths in 2016 [1,2]. Up to 80% of bladder cancer cases are as-
sociated with environmental exposure. Tobacco use is most 
commonly associated with bladder cancer incidence, as smok-
ing duration and density are directly related to increased risk 
[3]. Other common risk factors include chronic urinary tract 
infections, arsenic exposure, and occupational exposure to car-
cinogens in the rubber and fossil fuel industries [4,5]. More 
than 90% of bladder cancer cases are diagnosed as transitional 
cell carcinomas (TCCs), 5% as squamous-cell carcinomas, and 
2% as adenocarcinomas [6]. Approximately 25% of new TCCs 
are muscle invasive bladder cancers (MIBCs, high-grade stages 
T2–T4), while the majority of TCCs are non-MIBCs (NMIBCs, 

low-grade stages Tis/carcinoma in situ [CIS], Ta, and T1) [7,8]. 
MIBC patients have poor outcomes, with 10-year survival rates 
of only 50% as compared to the 80% 10-year survival rates of 
NMIBC patients [6]. The standard therapy of MIBC patients is 
radical cystectomy, followed extended lymph node dissection; 
this therapeutic regimen results in improved survival [7]. Neo-
adjuvant chemotherapy is also recommended after radical cys-
tectomy and increases the likelihood of eliminating residual tu-
mor cells. 
 The prognosis for NMIBC patients is more favorable, with 
5-year survival rates of 78% [2], however, 60%–70% of these 
will relapse and 10%–20% will progress to MIBC [4]. The most 
challenging aspect of bladder cancer management is predicting 
and diagnosing tumor recurrence or disease progression. The 
current gold standard for monitoring bladder cancer recur-
rence is lifelong cystoscopy and cytology [8,9]. Cystoscopic ex-
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Bladder cancer is one of the most common cancers worldwide, with a high rate of recurrence and poor outcomes as a result of 
relapse. Bladder cancer patients require lifelong invasive monitoring and treatment, making bladder cancer one of the most 
expensive malignancies. Lines of evidence increasingly point to distinct genetic and epigenetic alteration patterns in bladder 
cancer, even between the different stages and grades of disease. In addition, genetic and epigenetic alterations have been dem-
onstrated to play important roles during bladder tumorigenesis. This review will focus on bladder cancer-associated genomic 
and epigenomic alterations, which are common in bladder cancer and provide potential diagnostic markers and therapeutic 
targets for bladder cancer treatment. 
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amination allows for the direct visualization of the inside of the 
urinary bladder, but is invasive and expensive. Although urine 
cytology is widely used in the diagnosis of bladder cancer, it is 
less invasive, has low sensitivity in detecting low-grade tumors, 
and cannot completely rule out the presence of a tumor. Several 
new tests have been developed, such as nuclear matrixpro-
tein-22 [10], bladder tumor-associated antigen [11], the Immu-
noCyt assay (Scimedx, Denville, NJ, USA) [12], and the Uro 
Vysion assay (Abbott Molecular Inc., Des Plaines, IL, USA) 
[13]. However, due to relatively low sensitivities and/or specific-
ities, these methods have not been used in routine clinical tests 
[14]. Therefore, there is a crucial need not only for reliable, ac-
curate and convenient methods of diagnosis and monitoring 
for the recurrence or progression of NMIBC, but also for the 
identification of novel therapeutic targets, especially for MIBC 
patients. Thus, understanding the mechanisms of bladder can-
cer genesis is of high importance for guiding clinical decision-
making. With the rapid improvement of high-throughput DNA 
sequencing technologies, increasing numbers of genomic and 
epigenomic changes have been uncovered. 
 

SOMATIC GENETIC ABERRATIONS

Cancerous cells have growth advantages over normal cells that 
historically are thought to result from a series of genetic muta-
tions [15]. As with most carcinomas, the exact causes of bladder 
cancer remain elusive. Somatic genetic mutation is one of the 
most important leading factors for bladder cancer tumorigene-
sis and progression. Bladder cancer is typically not inherited, 
but rather results from an accumulation of somatic mutations 
in bladder cells over time. The number of the genetic alterations 
has enormously increased due to the advances of the second-
generation DNA sequencing methods [16]. Frequently-mutat-
ed genes in MIBCs include TP53 (41%), KDM6A (28%), ARI-
D1A (22%), PIK3CA (18%), MLL2 (17%), CREBBP (15%), RB1 
(15%), STAG2 (13%), FGFR3 (13%), EP300 (13%), TSC1 (8%), 
and HRAS (8%) [17,18].
 Recently, Hedegaard et al. [19] reported that NMIBCs can be 
grouped into 3 subclasses (classes 1, 2, and 3) based on whole 
genome expression profiles. Class 1 tumors have a lower risk of 
progression and better prognosis than classes 2 and 3 tumors. 
Class 1 tumors display upregulation of early cell-cycle genes 
(CCND1, ID1, and RBL2), while late cell-cycle genes (CDC20, 
CDC25A, CDKs, and PLK1) and cancer stem cell markers (AL-
DH1A1, ALDH1A2, PROM1, NES, and THY1) are highly ex-

pressed in class 2 tumors. The keratin (KRT) gene family shows 
increased expression in class 2 and/or class 3 tumors as com-
pared to class 1 tumors. Most MIBCs (86%) display mutations 
in chromatin remodeling genes, including histone methyltrans-
ferases (58% of cases), histone lysine demethylases (54%), SWI/
SNF complexes (40%), and histone acetyltransferases (32%). In 
total, 76% of all primary bladder tumors display mutations in at 
least 1 chromatin regulatory gene [17]. In essence, several sig-
naling pathways are altered due to these mutations, implying 
that these pathways play critical roles in controlling normal 
proliferation of urinary bladder cells.

p53/RB Pathway Signaling
The factors p53 (transcription factor) and RB (retinoblastoma) 
are the 2 key factors in the cell cycle regulation pathway, which 
is altered in 93% of bladder cancer cases [17]. Factor p53, which 
is encoded by TP53, is the most famous and well-studied tu-
mor-suppressor, and is inactivated by somatic mutations in ap-
proximately 50% of all human cancers [17,20]. TP53 mutations 
are highly frequent ( >40%) in MIBCs, in contrast to the 
NMIBCs, of which only about 8% possess TP53 mutations 
[19,21]. In addition, TP53 mutations in bladder cancer are like-
ly linked to smoking and also to higher grade and stage [22]. 
The RB protein is encoded by the RB1 tumor suppressor gene, 
and functions in several cellular processes by regulating the ex-
pression of genes involved in cell proliferation, differentiation 
and apoptosis by interacting with chromatin, DNA-modifying 
enzymes and transcription factors [23,24]. Factor p53 induces 
the expression of p21 [25], a cyclin dependent kinase (CDK) 
inhibitor, and consequently blocks RB phosphorylation [26]. 
Somatic mutations in genes involved in the p53/RB signaling 
pathway have been identified in bladder tumors, and include 
MDM2 (9%), CDKN1A (14%), CDKN2A (47%), CCND1 (10%), 
FBXW7 (10%), and E2F3/SOX4 (20%) [17]. 

FGFR3 and RAS-MAPK Signaling Pathways
NMIBCs also show a high frequency (~80%) of activating mu-
tations in the fibroblast growth factor receptor 3 (FGFR3) sig-
naling pathway [27], which consequently activates the RAS-
MAP kinase (RAS-MAPK) pathway and phospholipase Cγ 
(PLCγ), leading to uncontrolled cell proliferation [28]. The 
FGFR3 and RAS gene mutations are mutually exclusive in blad-
der cancer, suggesting that these 2 genes share similar functions 
and their mutations confer the same phenotype [29]. However, 
the possibility still remains that the activated FGFR3 and RAS 
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are synthetic lethal, suggesting they control 2 different pathways. 
Two fusion proteins, FGFR3-TACC3 (transforming acid coiled 
coil 3) and FGFR3-BAIAP2L1 (BAI1-associated protein 2-like 
1), have been identified in bladder cancer [30]. Based on the 
protein structure analysis, the FGFR3-TACC3 fusion protein is 
predicted to auto-dimerize and constitutively activate the kinase 
domain of FGFR3 [17], suggesting that the mutational profile of 
FGFR3 alone may not be the cause of aberrant FGFR3 signaling.

PI3K/mTOR Pathway Alterations
The phosphatidylinositol 3-kinase (PI3K) pathway is a critical 
cell-signaling pathway that regulates multiple cellular processes. 
PI3K pathway alterations are present in 42% of all bladder can-
cers [17]. This includes the activation of upstream regulators of 
the PI3K pathway, namely EGFR, ERBB2, and ERBB3. More-
over, upregulation of PIK3CA, AKT1/2/3, and PDK1 expres-
sion, as well as loss-of-function mutations in TSC1/2 (tuberous 
sclerosis 1/2) and PTEN occur in MIBC and NMIBC bladder 
tumors [31]. Overexpression of EGFR or ERBB2 leads to RAS 
activation, which in turn activates the PI3K pathway [32]. As a 
result, the mTOR pathway is activated by the inactivation of the 
TSC1/TSC2 complex [31], thereby increasing cell proliferation.

Chromosomal Rearrangements
Chromosomal rearrangements, namely the concomitant result 
of aberrant nonhomologous end joining [33], may result in on-
cogene formation and therefore may initiate tumorigenesis 
[30,34] or increasing oncogene expression [35]. MIBCs display 
more chromosomal alternations than NMIBCs [36,37]. Dele-
tions in both arms of chromosome 9 are frequently observed in 
both NMIBCs and MIBCs [38], and bladder cancer patients 
with tumors harboring deletions of 9ptr-p22, 9q22.3, 9q33, or 
9q34 had more rapid recurrence than those patients without 
these deletions [39]. Chromosome 9 deletions also affect some 
tumor suppressor genes, including cyclin-dependent kinase in-
hibitor 2A (CDKN2A) and 2B (CDKN2B), as well as TSC1 [40]. 
Amplifications were frequently detected at 6p22.3 (E2F3), 8p12 
(FGFR1), 8q22.2 (CMYC), 11q13 (CCND1, EMS1, INT2), and 
19q13.1 (CCNE), and homozygous deletions were detected at 
9p21.3, 8p23.1, and 11p13 [41]. 

EPIGENETIC ABERRATIONS IN BLADDER 
CANCER

Unlike genetic mutations and copy number variation, epigene-

tic events regulate gene expression outcome without changing 
the underlying DNA sequence. Epigenetic regulation includes 
DNA methylation, histone modifications, microRNA regula-
tion and nucleosome positioning, all of which are distorted in 
every form of human cancer. Similar to genetic alterations, epi-
genetic changes also play important roles in altering the tran-
scriptome during cancer initiation and progression [42,43]. In 
addition, a significant number of genetic mutations of epigene-
tic regulator genes occur in virtually every cancer type, thereby 
disturbing the epigenome patterns. These include somatic mu-
tations of genes that encode for DNA methyltransferases, chro-
matin modifiers, and chromatin remodelers [17,44]. A substan-
tial portion (76%) of all primary bladder tumors displays muta-
tions in at least one chromatin regulatory gene [17]. These mu-
tations cause epigenetic dysregulation in bladder cancers, and 
are now being investigated using basic scientific experiments, 
translational studies, and clinical trials.

DNA Methylation (5mC)
In mammalian cells, DNA methylation almost exclusively 
found at the C5 position of cytosine (5mC) in the context of 5`-
CG-3` dinucleotides (CpG). The CpG sites are found through-
out the genome, with 28 million CpG sites in the haploid ge-
nome. However, since methylated CpGs are prone to spontane-
ous deamination to uracil more frequently than unmethylated 
CpGs, CpG content is reduced to 20% of what is expected by 
sequence prediction alone. As a result, the genome is largely 
CpG-depleted; however, there are regions of the genome, 
termed CpG islands (CGIs), which contain their expected CpG 
content. These CGIs are located at the promoter/5’ regions of 
more than 50% of all known genes and are normally unmethyl-
ated [45]. Promoter CGIs methylation may be associated with 
gene silencing [46], while CGIs of gene bodies is positively cor-
related with gene expression [47,48].
 In human cells, CpG methylation is catalyzed by 3 DNA 
methyltransferases (DNMT1, DNMT3A, and 3B), as well as by 
accessory proteins, such as DNMT3L and UHRF1 [49]. The 
DNA methyltransferase DNMT1 is mainly responsible for the 
maintenance of DNA methylation patterns after DNA replica-
tion, while DNMT3A and 3B are primarily responsible for de 
novo DNA methylation as well as for helping to maintain the 
DNA methylation distributions [50,51]. 
 DNA methylation is critical for mammalian development, 
and its aberrancies are hallmarks of many human diseases, in-
cluding cancer [42,43]. Cancer cells, including bladder cancer, 
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show an overexpression of DNMT1, DNMT3A, and 3B, which 
in turn results in DNA hypermethylation of promoter regions, 
and the possible subsequent silencing of tumor suppressor 
genes [52]. Distinguishable DNA methylation differences have 
been found between NMIBC and MIBC bladder tumors. Spe-
cifically, distinct DNA hypomethylation patterns have been 
found at non-CpG islands in NMIBCs and CpG island DNA 
hypermethylation patterns in MIBCs [53,54]. For example, 
promoter CGIs of IPF1, GALR1, TAL1, PENK, and TJP2 dis-
play DNA hypermethylation in MIBCs [54]. In addition, DNA 
methylation alterations in transposons also are common events 
in bladder cancer. For example, LINE-1 repetitive element 
DNA hypomethylation, which correlates with activated MET 
oncogene transcription, has been identified in bladder cancer 
patients [55]. In bladder cancers, DNA methylation changes 
with frequencies of 48%–96% are present at several gene pro-
moters, including DNA hypermethylation of A2BP1, NPTX2, 
SOX11, PENK, NKX6 2, DBC1, MYO3A, CA10, POU4F2, 
HOXA9, MEIS1, GDF15, TMEFF2, VIM, STK11, MSH6, 
BRCA1, TBX2, TBX3, GATA2, ZIC4, PAX5A, MGMT, and 
IGSF4 [53,56-60]. Additionally, tumor-specific DNA hyper-
methylation of ZO2 [54], MYOD1 [61], and CDH13 [62] has 
been detected in adjacent-normal urothelial tissues and is asso-
ciated with reduced expression, suggesting that DNA methyla-
tion alternations are early-driver events in urothelial tumori-
genesis. These unique DNA methylation alterations are promis-
ing diagnostic biomarkers, especially when multiple markers 
are combined into a multigene panel. Combining DNA meth-
ylation data of several genes shows high sensitivity and specific-
ity for bladder cancer diagnostics. Yu et al. [63] reported 92% 
sensitivity and 87% specificity for both primary and recurrent 
cases by monitoring DNA methylation of 11 genes. The detec-
tion sensitivity of a 3-gene panel comprised of ZNF671, IRF8, 
and SFRP1 DNA methylation was 96% and approached 100% 
for high-grade and recurrent patients, compared to only 58% 
sensitivity using DNA methylation of ZNF671 alone [64]. DNA 
methylation of TWIST and NID2 yielded 90% sensitivity and 
96% specificity for predicting bladder cancer recurrence [65]. 
 DNA from bladder tumors is released into the urinary tract 
and can be identified from urine sediments. Measuring tumor-
derived DNA methylation changes in urine sediments of blad-
der cancer patients is a promising noninvasive means for early 
detection of bladder cancer as well as response to therapy and 
relapse. Analysis of urine sediment DNA methylation showed 
the same cancer-specific DNA hypermethylation patterns at the 

promoter regions of apoptosis-associated genes, including 
DAPK, BCL2, and TERT, as in the corresponding tumor tissues 
[66]. These loci are unmethylated in normal bladder tissues, 
suggesting they can be used as early diagnostic biomarkers for 
bladder cancer. These studies also indicated a noninvasive and 
viable method for bladder cancer diagnosis. A 3-marker panel, 
detecting DNA methylation of SOX1, IRAK3, and LINE-1-
MET, showed a tumor detection sensitivity and specificity of 
89% and 97%, respectively, while reliably predicting recurrence 
(80%) and the absence of recurrence (74%) in patient urine 
sediments [67].
 DNA methylation at specific gene regions has been shown to 
be associated with disease progression and patient survival. For 
example, the RUNX3 gene promoter is commonly silenced by 
DNA methylation (71%) in bladder tumors [68]. RUNX3-pro-
moter DNA methylation is positively correlated with tumor 
progression and survival, and may serve a prognostic marker 
for bladder cancer [69]. In addition, DNA hypermethylation of 
CDH1, FHIT, LAMC2, RASSF1A, DAPK, MINT31, and SFRP 
are all related to bladder tumor development and survival [70-
72], and have the potential to be prognostic markers. 

DNA Hydroxymethylation (5hmC)
The mechanisms of DNA demethylation have been more elu-
sive to characterize, and can be achieved via passive or active 
processes. Passive DNA demethylation occurs if the newly syn-
thesized DNA strand cannot be methylated (usually in DN-
MT1-deficient cells) after DNA replication. Active DNA de-
methylation is mediated by the Ten-eleven Translocation (TET) 
family of enzymes via the progressive oxidation of 5-methylcy-
tosine (5mC) to 5-hydroxymethylcytosine (5hmC), then 5-for-
mylcytosine (5fC) and 5-carboxylcytosine (5caC). Residues of 
5fC and 5caC are finally excised by thymine DNA glycosylase, 
and replaced with an unmethylated cytosine [73,74]. 
 As the intermediate of the DNA active demethylation pro-
cess, 5hmC levels reflect global DNA methylation levels, as well 
as the activity of the TET enzymes [75]. Munari et al. [76] re-
ported dramatically reduced 5hmC levels in bladder tumors, 
suggesting low TET activity. Determining 5hmC levels is ex-
perimentally straightforward and has the potential to be a bio-
marker for diagnosis and prognosis of bladder cancer and other 
cancers. Vitamin C is a known cofactor of the TET enzymes. 
Interestingly, Liu et al. [77] recently reported that vitamin C and 
the DNA methylation inhibitor 5’aza-2’-deoxycytidine (5-aza-
CdR) have synergistic effects on both DNA demethylation and 
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inhibition of cancer cell proliferation. They showed that vitamin 
C activates DNA demethylation by TET, and enhances the im-
mune signaling pathway by increasing endogenous retrovirus 
transcription. In their study, around 92% of the patients had vi-
tamin C levels below normal range, among which 63% had se-
vere vitamin C deficiency. Vitamin C has great promise in en-
hancing DNA demethylation in epigenetic therapies for cancer 
patients. 

Histone Modifications
Histones are a series of small highly conserved proteins and the 
key protein component of chromatin. Histone covalent modifi-
cations, including methylation, ubiquitination, SUMOylation, 
acetylation, and phosphorylation, at specific residues on histone 
N-terminal tails, play crucial roles in regulating fundamental 
biological processes including gene expression, DNA replica-
tion, and DNA damage repair [78]. Acetylation and methyla-
tion on lysine residues are the most studied histone modifica-
tions. Trimethylation of histone H3 at lysine 4 (H3K4me3), 
acetylation on H3 lysine 9 (H3K9Ac) and lysine 27 (H3K27Ac) 
correlate with gene activation, while trimethylation on H3 ly-
sine 9 (H3K9me3) and lysine 27 (H3K27me3) are associated 
with gene repression [79]. The multiple regional epigenetic si-
lencing (MRES) phenotype in bladder cancer cells is associated 
with histone H3K9 and H3K27 methylation and histone H3K9 
hypoacetylation [80]. The MRES tumors display rare FGFR3 
mutations, as well as a gene expression pattern similar to CIS 
grade tumors, however, most MRES tumors are high-grade 
(76% of MIBCs). Ellinger et al. [81] detected H3K9me3 and 
H3K27me3 in bladder cancer by chromatin immunoprecipita-
tion (ChIP) followed by microarray hybridization (ChIP-chip), 
and discovered a negative correlation between these histone 
modifications and tumor stage. Most MIBCs (89%) contain at 
least 1 histone modification alteration [17], suggesting that 
changes in histone modifications may be promising biomarkers 
for bladder cancer diagnosis and prognosis, as well as novel 
therapeutic targets for bladder cancer patients. 
 The histone modification-associated genes are highly mutat-
ed in bladder tumors, and include the lysine-specific demethyl-
ase 6A (KDM6A), which removes the H3K27 trimethylation 
mark, and is mutated in >25% of bladder cancer cases. In addi-
tion, ARID1A, which encodes for a component of the SWI/SNF 
chromatin-remodeling complex, is altered in 22% of bladder 
tumors, while MLL2, which encodes for an H3K4 methylase, is 
altered in 17% of bladder cancer patients [18]. Wu et al. [82] re-

ported that mutations in MLL, EP400 (a component of the 
NuA4 histone acetyltransferase complex) and PRDM2 (a nucle-
ar histone/protein methyltransferase) are associated with blad-
der cancer relapse. MLL mutations in recurrent bladder cancers 
result in elevated H3K4me3 levels and increased expression of 
GATA4 and ETS1 [82]. Interestingly, MLL3, which also encodes 
for an H3K4 methylase, is exclusively mutated in primary tu-
mors, suggesting distinct histone modification signatures be-
tween primary and recurrent tumors [82]. Recently, the coexis-
tence of the active H3K27Ac marker and DNA methylation at a 
subset of enhancers was reported, suggesting the dual roles of 
DNA methylation, either alone or via cooperation with histone 
modifications, is an important aspect of bladder cancer [83].

MicroRNAs 
MicroRNAs regulate gene expression and function in numer-
ous biological processes. Some microRNAs have been charac-
terized as oncogenes (such as miR-183, miR-96, miR17-5p, and 
miR-20a) or tumor suppressors (such as miR-145, miR-143, 
and miR125b) [84]. Friedman et al. [85] detected the expres-
sion of microRNAs in bladder cancer using microarray and 
quantitative reverse transcription polymerase chain reaction as-
says, and found that miR-1, miR-101, miR-143, miR-145, miR-
29c, and miR-127 were downregulated, whereas miR-224, miR-
182, and miR-183 were upregulated, in bladder tumors. Some 
microRNAs are epigenetically regulated in human cancers. A 
small subset of microRNAs (5%) are significantly upregulated 
in the T24 human bladder cancer cell line when treated with 
the DNMT inhibitor 5-Aza-CdR and the histone demethylase 
inhibitor SAHA [86], suggesting these miRNAs function as tu-
mor suppressor genes. Specifically, miR-127 represses the ex-
pression of the BCL6 oncogene [86]. 
 Additionally, microRNAs also affect other epigenetic regula-
tors. MiR-101 directly represses EZH2 (H3K27 methyltransfer-
ase) expression and inhibits cell proliferation [85]. MiR-21, 
miR-148a, miR-126, and miR-152 target DNMT1, and miR-
29a/29b/29c inhibit DNMT3A and 3B [87]. However, it should 
be noted that even though these data are promising, the diag-
nostic value of microRNA testing in bladder cancers still re-
mains controversial, due to assay data and relatively low speci-
ficity [88]. 

Nucleosome Positioning
The nucleosome is the basic unit of chromatin, and consists of 
~147 bp DNA wrapping around the histone octamer, which is 
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comprised of dimers of histones H2A, H2B, H3, and H4. Gen-
erally, nucleosomes function as gene expression repressors by 
blocking transcription machinery binding to promoter sites 
[89]. Early studies in Saccharomyces cerevisiae identified nu-
cleosome-depleted regions upstream of transcription start sites, 
which are accessible to transcription factors and correlate with 
active gene expression [90]. Lay et al. [91] determined that nu-
cleosome positioning patterns are affected by DNA methylation 
and histone modifications, and identified regions of nucleo-
some depletion in HCT116 DKO1 colon cancer cells, in which 
genetic disruption of DNMT1 and DNMT3B results in dramat-
ically decreased DNA methylation levels (5% HCT116 wild-
type cells). Additionally, nucleosome positioning is regulated by 
chromatin remodelers and histone modifiers, which are also 
frequently mutated in bladder cancer [18]. Although these 
studies indicate the importance of nucleosome positioning dur-
ing tumorigenesis, the role of nucleosome position in bladder 
cancer has been largely overlooked.
 

GENETIC AND EPIGENETIC ALTERATIONS AS 
THERAPEUTIC TARGETS IN BLADDER CANCER

Recent technological advances have allowed for the discovery 
of genetic and epigenetic alterations, which have led to a better 
understanding of the mechanisms of bladder cancer at the mo-
lecular level, and have provided a tremendous number of spe-
cific biological and molecular targets for therapy. As a result, 
p53, FGFR3, ERBB2, and PI3K have been targeted by immuno- 
and/or chemotherapy in clinical trials [92,93]. 
 Unlike genetic alterations, epigenetic changes can be reversed 
via pharmacological treatment. Therefore, epigenetic treatment 
offers a new strategy for anticancer therapy. Several small mole-
cule inhibitors have been approved by the U.S. Food and Drug 
Administration, and were shown to be therapeutically effica-
cious for various cancer types [94]. The epigenetic drugs in 
clinical use mainly include DNMT inhibitors (5-azacytidine and 
5-Aza-2’-deoxycytidine) and histone deacetylases (HDACs) in-
hibitors (SAHA, valproic acid, and romidepsin) [95]. Taze-
metostat (an EZH2 inhibitor) is currently being evaluated in 
ongoing clinical trials. Bladder cancer has been considered for 
epigenetic therapy, namely the use of DNMT inhibitors and 
HDAC inhibitors to treat bladder cancer [44,96]. Clinic trials 
using these epigenetic drugs on bladder cancer have been on-
going [97].

CONCLUSIONS

In this review, we discussed genetic and epigenetic alterations 
in bladder cancer; however, it should be noted that, in most 
cases, multiple genetic and epigenetic changes occur simultane-
ously or are mutually influenced by each other. As shown 
above, many genetic mutations disrupt the functions of genes 
involved in epigenetic regulation, and conversely epigenetic ab-
errancies lead to alterations of transcription (Fig. 1). Activating 
FGFR3 mutations are highly frequent in NMIBCs; however, a 
proportion of NMIBCs with wild-type FGFR3 show DNA hy-
permethylation and unfavorable prognosis as compared to the 
FGFR3 mutated tumors, indicating that these 2 tumor subtypes 
have different genetic backgrounds [98]. 
 DNA methylation status alone cannot explain changes in 
gene expression. Including analyses of chromatin context fur-
ther highlights the importance of the crosstalk between indi-
vidual epigenomic regulators. These complex regulation net-
works make the discovery of key tumorigenic drivers challeng-
ing. Combinations of several biomarkers, including genetic and 
epigenetic markers, have improved sensitivities and specificities 
for bladder cancer diagnosis and prognosis, compared to the 
48% mean sensitivity using traditional urine cytology. 
 Epigenetic factors have been increasingly recognized for the 
value of diagnosis, prognosis, and therapy of cancers. DNA 
methylation has the possibility to be an ideal therapeutic target 
for cancer. Some DNMT inhibitors, including 5-aza-2’-deoxy-
cytidine, need to be incorporated into the genome in order to 
inhibit DNA methylation, which means their function relies on 
the DNA replication. These agents may have a more profound 
effect on tumor cells, due to their higher proliferation, than 
normal somatic cells. Vitamin C deficiency is commonly found 
in patients with multiple cancers [77,99], and may boost the ef-
ficiency of DNMT inhibitors, suggesting that dietary supple-
mentation of vitamin C could enhance the efficiency of DNMT1 
inhibitor treatment. Epigenetic therapies aim to revert to the 
normal epigenome in the cancer cells, and consequently the 
transcriptome. They function more in controlling the abnormal 
cell proliferation rather than killing tumor cells, and implies 
that these agents result in fewer side effects and less toxicity to 
normal cells. 
 Genome-wide studies of genetic and epigenetic alternations 
in bladder cancer open the opportunity to develop novel, reli-
able, sensitive, and specific methods to monitor early tumors or 
recurrence, and to design personalized therapies. 
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