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Abstract: Muscle-invasive bladder cancer (MIBC), a highly heterogeneous disease, shows genomic
instability and a high mutation rate. Clinical outcomes are variable and responses to conventional
chemotherapy differ among patients (due to inter-patient tumor heterogeneity and inter-tumor
heterogeneity) and even within each individual tumor (intra-tumor heterogeneity). Emerging evidence
indicates that tumor heterogeneity may play an important role in cancer progression, resistance to therapy,
and metastasis. Comprehensive molecular subtyping classifies MIBC into distinct categories that have
potential to guide prognosis, patient stratification, and treatment. Genomic characterization of time-
series analyses at the single cell level, and of cell-free circulating tumor DNA or circulating tumor cells,
are emerging technologies that enable dissection of the complex clonal architecture of MIBC. This review
provides insight into the clinical significance of the molecular mechanisms underlying heterogeneity,
focusing on inter- and intra-tumor heterogeneity, with special emphasis on molecular classification and

methods used to analyze the complex patterns involved.
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Introduction is impossible to prospectively identify patients that will

benefit (4). Neoadjuvant chemotherapy (NAC) followed

Urothelial carcinoma (UCC) of the urinary bladder by radical cystectomy is the standard treatment for MIBC;

is the most common form of bladder cancer (BC). It
is highly heterogeneous at both the histologic and
molecular levels (1). Although non-invasive, well-
differentiated tumors are relatively indolent, T1 high grade
BC and muscle-invasive BC (MIBC) are a threat to life (2).
MIBC is the most aggressive form of BC: 5-year survival
rates for patients with localized disease are 60%, whereas
those for patients with distant metastases are less than
10% (3). Systemic cisplatin-based combination chemotherapy
is the first-line treatment for patients with metastatic BC;
however, it is effective in only 30-40% of cases, and it
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however, only about one third (25-50%) of patients achieve
a pathologic response (5). Thus, the need to identify
markers that predict response to neoadjuvant cisplatin-
based chemotherapy is urgent because patients who do not
respond to NAC are at risk of unnecessary drug-related
complications and delayed surgery (6,7). Recently, immune
checkpoint inhibitors atezolizumab, durvalumab, avelumab
(targeting PD-L1), nivolumab, and pembrolizumab
(targeting PD-1), along with the FGFR-targeted therapy
erdafitinib, have been approved by the FDA for the
treatment of advanced BC; however, unavailability of solid
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Figure 1 Scheme of tumor heterogeneity. Morphologic and functional differences between different patients with MIBC (inter-tumor

heterogeneity, left panel), geographic differences between lesions within a single patient (spatial intra-tumor heterogeneity, right upper

panel), and differences in the course of disease progression (temporal intra-tumor heterogeneity, left lower panel). Importantly, intra-tumor

(spatio-temporal) heterogeneity leads to sampling bias and biomarker failure. NAC, neoadjuvant chemotherapy; RC, radical cystectomy.

tumor-specific biomarkers that predict treatment response
limits the utility of these new therapeutic strategies in
clinical practice (8,9).

The design of novel and personalized therapies relies
on a thorough understanding of MIBC biology. Recent
therapeutic advances have been driven by identification of
variations in tumor genotypes between patients, known
as inter-patient heterogeneity, which predict responses
to targeted treatments (10). Non-genetic phenotypic
and functional heterogeneity are well recognized, as is
heterogeneity of the tumor microenvironment (TME) (11).
Comprehensive characterization of multiple tumor
specimens obtained from the same patient suggests that
marked intra-tumor heterogeneity might exist between
geographical regions within the same tumor (spatial
heterogeneity), as well as between the primary tumor and
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subsequent local or distant recurrences in the same patient
(temporal heterogeneity) (Figure I) (10,12). Therefore,
inter- and intra-tumor heterogeneity are a hurdle in the
path to personalized cancer medicine; this is because a single
needle biopsy or surgical excision is unlikely to provide
a clear picture of the genomic landscape of a patient’s
cancer (10). Sequencing technologies can characterize intra-
tumor heterogeneity at the time of diagnosis, monitor clonal
dynamics during treatment, and identify clinical resistance
during disease progression (10,13). The present review will
provide a brief overview of the underlying mechanisms of
tumor heterogeneity and their biological and clinical impact
in MIBC. We will focus on new methods such as liquid
biopsy and single cell RNA-seq (scRINA-seq) analysis, and
explain how these techniques can help to decipher tumor
heterogeneity in MIBC.
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Figure 2 Scheme of tumor heterogeneity model. In the CSC (hierarchy) model, only CSCs generate tumors. In this model, CSC-to-

non-CSC conversion is a unidirectional process (left panel). In the clonal evolution (stochastic) model, every tumor cell can stochastically

generate a tumor (middle panel). The third model, the cancer cell plasticity model, posits bidirectional conversion between CSCs and non-

CSCs in response to a changing TME. SC, stem cell; CSC, cancer stem cell; TME, tumor microenvironment.

Mechanisms underlying tumor heterogeneity

Cancer heterogeneity arises through introduction of genetic
and epigenetic alterations due to genomic instability (14).
Currently, there are two theories that describe development
and maintenance of tumors: clonal evolution (the stochastic
model) and the cancer stem cell (CSC) hypothesis (the
hierarchical model) (Figure 2) (15,16). Although these
models are different (they place differing weight on the
importance of stem cells and the microenvironment), they
are not mutually exclusive (15).

The clonal evolutionary model of cancer development
proposed by Nowell builds upon Darwinian models of
natural selection: genetically unstable cells accumulate
genetic mutations; selective pressure then favors growth
and survival of subpopulations that harbor an advantage in
terms of biological fitness (12,17). Genetic instability within
the tumor cell population leads single cells to accumulate
additional mutations (18). This establishes genetically
divergent clonal subpopulations; the most aggressive cells
within these populations drive disease progression (19). This
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dynamic process leads to continuous tumor remodeling,
with distinct dimensions of heterogeneity (13).

The CSCs hypothesis suggests that only a subset of
cancer cells participate in “clonal” evolution and drive
tumor progression; other cells are “evolutionary dead
ends” (13). CSCs are interesting therapeutic targets due
to their supposed role in tumorigenesis, metastasis, and
chemoresistance (20,21). Chemoresistance seems to be
closely related to many intrinsic or acquired properties
of CSCs, including quiescence, specific morphology, the
ability to repair DNA, overexpression of anti-apoptotic
proteins, the ability to pump out drugs (conferred by several
ATP-binding cassette transporters), and production of
detoxifying enzymes (22). The specific microenvironment
(niche) and stability under hypoxic conditions provide
CSCs with additional protection against anticancer
therapies (22,23). Studies of the phenotypic and functional
properties of urothelial CSCs show that these cells cannot
be characterized by a one-marker-fits-all approach;
rather, markers such as CD44, CD44v6, cytokeratin 5

Transl Androl Urol 2020;9(6):2866-2880 | http://dx.doi.org/10.21037/tau.2020.03.13



Translational Andrology and Urology, Vol 9, No 6 December 2020

(Krt5), CD47, the 67L-kDa laminin receptor (67LR),
carcinoembryonic antigen-related cell adhesion molecule
6 (CEACAMOG), and SOX4, along with high aldehyde
dehydrogenase activity (ALDHMi), are used to isolate
CSCs from patient specimens and to establish cancer cell
lines successfully (24). Although many CSC markers are
valuable for identification, isolation, and characterization
of urothelial CSCs, the lack of consensus regarding these
markers is the current major challenge in this field.

An alternative model, called reversible epithelial
plasticity, provides a unifying framework that links the
clonal evolution and CSC models together by postulating
that cancer cells can interconvert between stem cell and
differentiated states (15,25). According to the plasticity
model, processes intrinsic to tumor cells and/or various
stimuli within the TME drive differentiated tumor cells to
reacquire stem cell characteristics (15,26). Conversely, these
processes could also drive CSC differentiation toward non-
stem cell characteristics (Figure 2) (15). In general, cancer
cells display higher intrinsic or spontaneous plasticity than
normal cells; studies have linked plasticity and stemness
to regulation of epithelial-mesenchymal transition
(EMT) (15,27,28).

The interaction between tumor cells and the
microenvironment is a key factor that regulates cancer
development, progression, and metastasis (29). The
TME is a dynamic network that comprises cancer cells,
stromal tissue (immune cells, fibroblasts, myofibroblasts,
cytokines, and vascular tissue), and the surrounding
extracellular matrix (ECM) (30). Studies show that the
TME not only plays a role in activating EMT in tumor
cells, but also interacts with CSCs (Figure 2) (2). These
neighboring cells trigger molecular signaling pathways that
regulate CSC maintenance and survival; however, these
pathways also induce drug resistance (31). In addition,
tumor niche components such as the ECM shelter
CSCs from therapeutic agents (31). Taken together, the
interplay between CSC/EMT programs and the TME
provides an opportunity to examine the nature of intra-
tumor heterogeneity and offers insight into mechanisms
underlying resistance to anticancer drugs (32).

Inter-tumor heterogeneity in MIBC
Molecular markers of MIBC

The clinical outcomes and responses of MIBCs to
conventional treatment vary widely. Selecting the appropriate
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treatment depends on clinico-pathologic characteristics;
however, current staging systems are very inaccurate,
resulting in unacceptably high rates of clinical under-staging
and, ultimately, to inadequate treatment (33,34). Thus,
efforts have been made to complement pathologic evaluation
with objective molecular biomarkers (35). Detection of
molecular markers in urine, tissue, or blood gives us the
opportunity to increase our understanding of the biology
of specific cancer and its micro- and macro-environment
(36,37). To date, studies have examined biomarkers
associated with pathways playing important roles in
tumor growth and progression; these include markers of
cell cycle regulation, angiogenesis, apoptosis, and DNA
damage repair (DDR) (36,38,39). Several retrospective
studies report that accumulation of p53 in cell nuclei is
prognostic for MIBC, particularly in patients treated with
radical cystectomy (36,40). Indeed, tumors harboring TP53
mutations respond better to chemotherapy than those that
do not (41). However, TP53 is not a clinically established
prognostic biomarker for MIBC, despite over 100 studies
evaluating its utility (36). A phase III trial that randomized
patients after radical cystectomy for pT1-2NOMO UCC
into surveillance or adjuvant MVAC chemotherapy groups
according to TP53 status did not confirm the prognostic
value of p53; neither did it show that MVAC chemotherapy
had any benefit for patients with p53-positive tumors (42).
Anti-apoptotic biomarkers (survivin, Bcl-2 family, Livin,
and Bax), inactivating mutations in tumor suppressors
(TP53 and RB1), cell cycle regulatory proteins (p16, p21,
p27, cyclin E1, and p27), proliferation and angiogenesis
biomarkers (Ki-67, VEGF, HIF-1a, and microvessel
density), cell signaling pathway biomarkers (ErbB and
FGFR family members), tumor cell invasion biomarkers
(E-cadherin and N-cadherin), and DDR gene mutations
(APE1, ERCCI1, ERCC2, XRCC1, XRCC3, hOGGI1,
XPD, and XPG) have been suggested as prognosticators of
outcome and predictors of response to therapy in MIBC
(34,36,43-46). A recent study implicated the activation-
induced deaminase (AID)/apolipoprotein B mRNA editing
catalytic polypeptide-like (APOBEC) family of cytidine
deaminases, particularly APOBEC3A and APOBEC3B, in
cancer development and clonal evolution of cancer (47).
Glaser et al. used BC datasets to examine the mutational
signature of APOBEC and found that tumors enriched
for APOBEC mutagenesis survived longer and were more
likely to harbor mutations in DDR genes and chromatin-
modifying genes; by contrast, APOBEC-low tumors were
more likely to harbor mutations in FGFR3 and RAS
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Figure 3 Molecular subtype classification based on gene expression profiling of MIBC. The schematic illustrates the taxonomic

classifications; however, the interrelationships between each taxonomic classification are somewhat unclear. UNC, University of North

Carolina; MDACC, MD Anderson Cancer Center; GU, genomically unstable; Mes, mesenchymal; NE, neuroendocrine; SCC, squamous

cell carcinoma; EI, epithelial infiltrated; MI, mesenchymal infiltrated; LP, luminal-papillary; LI, luminal-infiltrated; ICIL, immune checkpoint

inhibitor; NAC, neoadjuvant chemotherapy.

family oncogenes (48). Expression of APOBEC3A and
APOBEC3B correlates with mutation burden, regardless
of the molecular subtype of the bladder tumor (48). The
authors proposed a working model of mutagenesis and the
immune response in BC, in which accumulated mutations
in DDR genes or genes responsible for chromatin
regulation may expose single strand DNA to APOBEC3A
and APOBEC3B; this results in high levels of APOBEC-
mediated mutagenesis and development of a hypermutation
phenotype, with a subsequent neoantigen burden, immune
response, and survival benefit (48).

However, it is unlikely that any single marker adequately
characterizes the potential behavior of MIBC to allow
reliable treatment conclusions (36). High-throughput
microarray technology enables identification of progression
markers and prediction of disease outcome in those with
high grade T1 BC and MIBC (49-53). Gene signatures
that predict chemo-responsiveness in adjuvant and
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neoadjuvant settings have been proposed (4,54). In addition,
transcriptome profiling enables classification of BC into
molecular subtypes; this mean that a patient’s cancer can
be stratified more precisely according to prognosis and
therapeutic options (3).

Molecular classification of MIBC

Several groups describe different but overlapping,
primarily RNA-based, molecular classifications of MIBC
that resemble the taxonomy of breast cancer (Figure 3). In
general, markers used to classify BCs into the two major
groups reflect the expression signature of normal basal
(CK5/6 and CK14) and intermediate/luminal urothelial
cell layers (uroplakins, CK20, and GATA3) (55). In a
chemotherapy-naive setting, tumors belonging to a basal
MIBC subtype were more aggressive, with shorter survival
times, than luminal cancers. Meanwhile, basal cancers
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were more sensitive to cisplatin-based chemotherapy, and
patients with this form of disease appeared to gain more
survival benefit from frontline chemotherapy than those
with a luminal subtype (55). Several groups used whole
transcriptome expression profiling to classify BC into
distinct subtypes (35,41,56-59). Overall, various molecular
classification systems reached broad agreement about the
characteristics of basal and luminal subtypes. A pioneering
report by Lund group described five molecular subtypes of
BC (Uro A, genomically unstable, infiltrated, squamous cell
carcinoma-like, and Uro B) and then refined and extended
this to six subtypes: urothelial-like, genomically unstable,
epithelial infiltrated, SCC-like/Mes-like, SCC-like/UroB,
and Sc¢/NE-like (35,60). The UNC (University of North
Carolina) group also presented a two-tiered system (basal
and luminal subtypes), later extended to three classes upon
identification of the claudin-low subtype (61,62). MDACC
(MD Anderson Cancer Center) presented a three-tiered
system (basal, luminal, p53-like), further extended to include
five classes: luminal, luminal-p53, basal, basal-p53 classes,
and “double negative” (55,58). An earlier TCGA study
produced a four-class system with groups referred to as I-IV
(I and II: luminal; 11T and TV: basal); this was based on data
from an interim cohort of 131 TCGA tumors, the subtypes
of which were then refined and extended to five classes
using a full TCGA cohort of 412 (57). This study generated
basal (basal-squamous) and luminal subtypes (luminal-
infiltrated, luminal, and luminal-papillary), which are similar
to their original subtypes, and identified a new subtype
(neuronal) that expressed neuroendocrine tumor markers
(63). A previously published classification system segregated
MIBC into 2-7 molecular subtypes using different subtype
names (3). Thus, different studies have generated many
different subtypes; it is this diversity of molecular subtyping
that has hindered its transfer into clinical practice (3).
Recently, a consensus classification unifying these different
subtypes was proposed to facilitate clinical application (3).
The Bladder Cancer Molecular Taxonomy Group examined
1750 MIBC transcriptomes and performed a network-based
analysis of six independent MIBC classification systems;
as a result, they identified a consensus set comprising six
molecular classes: luminal-papillary (24%), luminal non-
specified (8%), luminal unstable (15%), stroma-rich (15%),
basal/squamous (35%), and neuroendocrine-like (3%) (3).
Ongoing studies are examining the relevance of these
molecular subtypes to BC histopathological variants and to
upper urinary tract urothelial cancer (64-66).
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It is important to note that different molecular subtypes
of BC are not equally sensitive to chemotherapy and
immune checkpoint blockade; indeed, these subtypes
respond differently to radiation, with or without hypoxia
modulation (Figure 3) (58,63,67,68). Choti er al. report that
patients with the p53-like subtype show a particularly low
response rate to NAC; the p53-like subtype is characterized
by fibroblast infiltration and a senescent signature (58).
Robertson and colleagues provide insight into mutational
profiles that have prognostic value and establish a framework
for associating distinct tumor subtypes with certain clinical
options (63). The luminal-papillary subtype has a low risk
for progression, with preliminary data suggesting that it
is unlikely to respond to cisplatin-based NAC (69). The
luminal-infiltrated subtype in patients with metastatic or
unresectable BC responds to immune checkpoint therapy
with atezolizumab and may be resistant to cisplatin-based
chemotherapy (63). Luminal-papillary tumors show high
FGFR3 expression and harbor genomic FGFR3-activating
mutations in addition to being resistant to immune cell
infiltration (69). This implies that FGFR3-targeted therapy
(e.g., erdafitinib) could be advantageous in this subtype, and
that checkpoint blockade by itself would likely have little
benefit (63). The basal-squamous subtype is characterized
by squamous differentiation and high expression of CD274
(PD-L1) and CTLA4 (63). Thus, cisplatin-based NAC and
immune checkpoint therapies are appropriate therapeutic
options. Another gene expression analysis study identified a
neuroendocrine subtype with a particularly poor prognosis,
even in the absence of typical histologic neuroendocrine
features (70). It is unclear whether these tumors should
be regarded as neuroendocrine tumors and treated with
cisplatin/etoposide (69). Interestingly, a recent analysis
demonstrated that neuronal tumors in the TCGA were
associated with high response rates when patients were
treated with atezolizumab (anti-PDL1) in the ImVigor 210
trial (71).

Intra-tumor heterogeneity in MIBC

Inter-tumor heterogeneity explains differences in
responses to standard chemotherapy and immune
checkpoint inhibitors. Intra-tumor heterogeneity is based
on the presence of different histological types within the
same tumor type from a single patient; an example is the
mixed histology observed in urothelial and histologic
variants of BC (72). Intra-tumor heterogeneity may also
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explain why some patients show an initial response to
therapy, followed by recurrence and progression of a
resistant clone (Figure 4) (41).

Spatial intra-tumor heterogeneity is characterized
by frequent co-occurrence of conventional UCC
alongside histologic variants (e.g., squamous, glandular,
micropapillary, nested, plasmacytoid, and sarcomatoid of
BC (73). Recent data suggest that molecular subtype within
multiregional tumor samples may be heterogeneous (65,74).
For example, Warrick ez a/. found that different areas within
the same tumor often show different molecular patterns (59).
They used the Lund university classification system to
categorize 83 histologically variant BC tumors into different
molecular subtypes. In their cohort, they showed that 39%
of tumors with multiple histologies demonstrated molecular
heterogeneity. This was predominant in basal-squamous
subtypes, which co-occurred with either urothelial-like
or genomically unstable carcinomas (59). However, they
did not observe co-occurrence of genomically unstable
and urothelial-like subtypes in the same patient. This
information helps us to understand how BC develops
variable histology. The findings suggest the concept of
intratumoral molecular heterogeneity in BC patients, and
raise concerns about sampling errors in laboratory tests that
guide therapy choices based on molecular subtyping results.

It is also important to understand temporal intra-tumor
heterogeneity signatures after treatment; this is because
platinum-based chemotherapy and immunotherapy are
very likely to alter the biological and clinical behavior
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of a tumor, which will affect molecular subtyping results
(75,76). Molecular alterations induced by chemotherapy
are poorly characterized; however, a study shows that
significant alterations occur at both the genomic and
transcriptomic levels (77). Faltas er a/. identified a
marked shift in the mutational landscape of UCC after
chemotherapy, which may be driven by chemotherapy-
induced selection pressure (78). Early studies of molecular
subtypes suggest that NAC induces subtype switching,
indicating that NAC either induces phenotypic changes
at the transcriptome level or selects one subtype over
another in a mixed, heterogeneous tumor (58,77). Liu
et al. used whole exome sequencing to analyze matched
pre- and post-NAC samples from 30 patients with
MIBC (79). They noted that a significant proportion
of sub-clonal mutations are unique to the matched pre-
or post-treatment tumor, suggesting chemotherapy-
induced and/or spatial heterogeneity (79). The authors
demonstrated that tumor heterogeneity in post-NAC
tumors is associated with poor overall survival; in addition,
they observed other alterations in genes responsible for
regulating the cell cycle and immune checkpoints in
post-treatment tumors. Recently, Seiler ez /. expanded
our knowledge about the lack of response of MIBC to
cisplatin-based NAC; they suggested different molecular
subtypes to explain the biology of these tumors (77).
They matched the gene expression profiles of 116 tumor
samples from patients with residual disease at two time
points: pre- (TUR specimens) and post-NAC (RC
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specimens). They identified four consensus clusters in the
post-NAC cohort, with residual disease characterized as a
CCl1-basal, CC2-luminal, CC3-immune subtype, or CC4-
scar like subtype. Pre- and post-NAC patients with basal
or luminal subtypes had a better prognosis than those with
claudin-low or luminal-infiltrated tumors, whereas post-
NAC samples with MDA p53-like and Lund-infiltrated
subtypes had a better prognosis. Post-NAC molecular
subtypes differed from pre-NAC subtypes, with post-NAC
samples comprising fewer luminal subtypes but more basal,
p53, and infiltrated subtypes. Thirty-four percent of cases
showed a marked change in molecular subtype between
pre- and post-NAC, with the CC3-immune subtype losing
luminal and basal markers and showing greater immune
activity. Of the tumors that lacked immune infiltration pre-
NAC, 32% showed immune infiltration post-NAC (77). A
study by Seiler et al. compared pre- and post-NAC MIBC
samples; the results are an important step toward identifying
molecular signatures of cisplatin resistance; as such, it may
form the basis for future clinical studies. Identifying the
molecular subtype of post-NAC tumors will help direct the
use of adjuvant or salvage therapy in MIBC patients and
may play a crucial role in improving overall outcomes (77).

Emerging molecular biomarkers for personalized
cancer therapy for MIBC

During cancer progression and treatment, multiple sub-
clonal populations of tumor cells compete with one another.
Selective pressure drives the emergence of predominant
sub-clones; these sub-clones replicate and spread more
efficiently and are resistant to treatment (Figure 4) (80,81).
Therefore, longitudinal tracking of genetic and epigenetic
alterations is required to assess the molecular heterogeneity
of primary and secondary tumors, and to identify genetic
determinants for targeted therapy (82). Currently, the
molecular characteristics of solid tumors are identified
using tissue obtained at surgery or by biopsy. However,
tissue-based tumor profiles are subject to sampling bias and
capture a snapshot of tumor heterogeneity; in addition,
repeated sampling is not possible (80,83). Liquid biopsy
encompasses myriad assays that measure tumor-derived
cells or their products in blood and other body fluids that,
in general, may be obtained serially and easily with minimal
risk to the patient (82). Liquid biopsies are very promising
because they can record and monitor disease status in real
time; they can also predict prognosis, recurrence, therapy
response, and resistance, all without the need for invasive
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interventions (33).

During the initial stages of metastatic progression, cancer
cells detached from the primary tumor invade the lymphatics
and systemic circulation; these cells are called circulating
tumor cells (CTCs) (84,85). RT-PCR-based protocols that
utilize PCR primers that target tumor-specific genes (e.g.,
cytokeratin-20, uroplakin II, and epidermal growth factor
receptor) are quite non-specific (85,86). This has led to
the development of the CellSearch assay, which is a semi-
automated, standardized enrichment and detection system
based on magnetically labeled anti-EpCAM antibodies;
these antibodies bind to CTCs that are then visualized and
counted under a digital fluorescence microscope. This assay
system has been adapted to detect circulating urothelial
CSCs in the peripheral blood of patients with metastatic
and non-metastatic urothelial cancers (87). The IsoFlux
system also uses immunomagnetic capture of CTCs based
on EpCAM expression; cells are captured in a microfluidic
device to increase specificity for CTCs and minimize
white blood cell carry over (88). Alva et a/. compared the
sensitivity of CTC detection using the CellSearch assay
with that using the IsoFlux method (88). They found that
the IsoFlux method was more sensitive than CellSearch
and enables molecular profiling of recovered cells via next-
generation sequencing (NGS) (88). Detection of CTCs
may flag an early step of the metastatic process, which may
be a precursor to establishment of clinically undetectable
micrometastatic foci that will grow into clinically apparent
metastases (85,89). However, clinical reports evaluating
molecular detection of CTCs yield contradictory and
inconclusive results. Some studies show that detection
of CTCs may be associated with more advanced disease,
whereas others fail to detect any association at all (85,86,
89-94). Msaouel ez al. performed a meta-analysis to examine
the diagnostic and prognostic value of CTC detection
in BC and/or UCC; the analysis included 21 studies that
investigated the presence of CTCs in peripheral blood (85).
The findings revealed that the overall sensitivity of CTC
detection assays was 35.1% (95% CI, 32.4-38%) and
that the specificity and positive- and negative-likelihood
ratios were 89.4% (95% CI, 87.2-91.3%), 3.77 (95% CI,
1.95-7.30), and 0.72 (95% CI, 0.64-0.81), respectively
(85). They also suggested that CTC-positive patients were
significantly more likely to have advanced (stage III-IV)
disease than CTC-negative patients (OR, 5.05; 95% CI,
2.49-10.26) (85). In 2017, Zhang et al. published a meta-
analysis of 30 published studies examining the impact of
CTCs in UCC; they found a significant association between
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CTC-positivity and tumor stage (< II vs. III, IV) (OR 4.60,
95% CI, 2.34-9.03), histological grade (I, II vs. III) (OR
2.91, 95% CI, 1.92-4.40), metastasis (OR 5.12, 95% CI,
3.47-7.55), and regional lymph node metastasis (OR 2.47,
95% CI, 1.75-3.49). CTC-positivity was also associated
significantly with poor overall survival (OS) (HR 3.98, 95%
CI, 2.20-7.21), progression/disease-free survival (PFS/
DFS) (HR 2.22, 95% CI, 1.80-2.73), and cancer-specific
survival (CSS) (HR 5.18, 95% CI, 2.21-12.13) (95). They
also revealed that the overall sensitivity and specificity of
CTC detection assays were 0.35 (95% CI, 0.28-0.43) and
0.97 (95% CI, 0.92-0.99), respectively (95). CTC detection
assays fail to identify almost two thirds of patients; thus
they have limited diagnostic sensitivity for BC. It is unclear
whether CTCs are truly rare in BC, or whether many are
missed by EpCAM-based technology (96). One possible
reason for such a failure is that metastatic cells lose EpCAM
expression as they undergo EMT; therefore, EpCAM-
based approaches fail to detect subpopulations of CTCs
with intermediate or pure mesenchymal features. Recently,
alternative methods that allow EpCAM-independent CTC
detection, such as the AdnaTest platform and ScreenCell
Cyto devices, have been explored with respect to BC.
Although a variety of methods have been used to improve
sensitivity for detecting CTCs, further technological
advances will be necessary before detecting CT'Cs becomes
clinically relevant in patients with BC. Due to the limited
diagnostic sensitivity and high overall specificity of CTC
detection, the technique may not be sufficiently accurate for
initial screening tests; however, detecting CTCs at different
time points may allow real time surveillance of dynamic
changes in disease status and, crucially, increase our
understanding of the metastatic cascade, thereby facilitating
design of novel targeted therapy approaches (33).
Apoptotic or necrotic cancer cells release circulating
cell-free DNA (cfDNA) fragments [known as circulating
tumor DNA (ctDNA)], mRNAs, long non-coding RNAs,
and microRNAs, as well as proteins, peptides, metabolites,
and extracellular vesicles (exosomes, microvesicles, and
oncosomes) (84). Many cancer-related molecular entities,
including single nucleotide variations, copy number
aberrations, aberrations in methylation, and gene expression
alterations, have been detected in cell-free nucleic acids (97).
An in-depth review of each of these markers is not possible
here. Therefore, we will focus on ctDNA in blood and
urine. Circulating ctDNA comprises cfDNA shed by tumor
cells into the circulatory system. Thus, ctDNA contains
tumor-specific genomic variants that can be utilized as
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unique genetic signatures or biomarkers (98). Analysis of
ctDNA has several potential advantages over solid tumor
biopsy samples, making it useful for tumor molecular
profiling (98). Tumors are temporally and spatially
heterogeneous; therefore, a tissue biopsy may only provide
a “snapshot” of one region within one tumor at one point
in time (98). It is likely that ctDNA likely derives from all
tumor sites; therefore, ctDNA samples are likely to provide
a more representative snapshot of an individual cancer than
a biopsy sample. This is because tumor cell clones derived
from the primary, micro-, and macro-metastatic deposits
are present in a single sample, allowing more accurate
monitoring of a patient’s disease burden and progression
in real time by detecting DNA that characterizes intra-
tumor and inter-tumor heterogeneities (98,99). The major
challenge for ctDNA diagnostics is to identify and track
rare mutated DNA fragments among thousands of wild-
type DNA copies (98). Initially, allele-specific primers,
commonly used for conventional PCR and pyrosequencing,
were used to detect and measure the percentage of
specific mutations in ¢cfDNA present in liquid biopsy
samples; however, restriction to specific mutations coupled
with low sensitivity has limited these techniques (33).
The situation was improved by using quantitative
PCR and deep sequencing technologies such as NGS
or digital droplet polymerase PCR (ddPCR) (33).
Nagy et al. used a 70-gene NGS panel to perform
cfDNA analysis of patients with advanced BC and
detected clinically significant levels of ctDNA in 86%
of patients; within these fragments, they detected
somatic mutations in TP53, kinase genes, epigenetic
modifiers, and genes that regulate the cell cycle (100).
A recent study by Grivas er al. evaluated 124 patients with
advanced UCC who underwent ¢fDNA analysis using
a 73-gene sequencing panel. They detected at least one
genomic alteration in 112 patients (90.3%), with a median
four alterations per sample. The authors suggested that
alterations in BRCAI and RAF1 were associated with worse
OS and PFS (101). A recent breakthrough technology study
by Gootenberg et al. combined the Casl3a enzyme with
isothermal amplification to establish a clustered regularly
interspaced short palindromic repeats (CRISPR)-based
diagnostic system named SHERLOCK (specific high-
sensitivity enzymatic reporter unlocking). This assay enables
rapid detection of DNA or RNA with attomolar sensitivity
and single-base mismatch specificity (102). Urinary ctDNA
is derived from tumor cells that are shed directly into the
urinary tract, making it highly representative of the tumor
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genome from which the ctDNA arises; in addition, it is
present at higher concentrations than in serum (98). Limited
data are available on the clinical utility of urine ctDNA in
MIBC because most urine ctDNA studies have focused on
initial diagnostic and prognostic makers of NMIBC. Kim
and colleagues used RT-PCR to examine the diagnostic
utility of urinary topoisomerase-1I alpha (TopolIA) cfDNA
in 83 BC samples, and found a significant difference in
urinary TopolIA ctDNA levels between NMIBC and
MIBC (103).

ScRNA-seq analysis is an efficient method of identifying
heterogeneous gene expression and the characteristics of
each subpopulation within a tumor at a single cell level.
Most transcriptome studies to date are carried out on a
‘population level’, usually averaging the transcriptomes
of millions of cells (104). This bulk-cell DNA sequencing
approach is limited with respect to identifying
transcriptomic inter-tumor heterogeneity because it
only infers the presence of clones, rather than detecting
individual cells directly (105). Single cell transcriptomics
provides an opportunity to better understand transcriptional
stochasticity and cellular heterogeneity, both of which
are important for maintaining cell function, disease
progression, and treatment responses; these details are
often masked in bulk-cell studies (105,106-108). Zhang
and colleagues performed scRNA-seq on squamous cell
carcinoma of the bladder and characterized heterogeneous
gene expression profiles; they then compared their
transcriptional, functional, and genetic diversity (106).
Recently, Tanaka er a/. used the scRINA-seq system to screen
urinary BCs and revealed a dynamic shift in ITH before
and after development of platinum-resistance (109). They
identified a novel gene, COX7B, which was associated with
platinum-resistance, and a surrogate marker, CD63, which
can identify low COX7B-expressing sub-clones (109).

Conclusions

New genomic techniques provide insight into the marked
genetic complexity and the vast inter- and intra-tumor
heterogeneity of MIBC. Over the last decade, RNA-
based molecular subtyping has identified distinct or
partially overlapping molecular classifications of MIBC.
Recent studies show that molecular stratification of MIBC
is of clinical importance, suggesting that responses to
chemotherapy and immunotherapy may be increased for
specific MIBC subtypes. Tumor heterogeneity is not a fixed
state; rather, it should be considered as a dynamic ecosystem
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that evolves as the tumor progresses and is modulated
strongly by therapeutic pressure. Microenvironment-
driven tumor heterogeneity and plasticity also play a key
role in tumor progression and resistance to treatment.
Real time approaches to molecular monitoring of evolving
genetic clones responsible for tumor progression and
drug resistance remain a challenging task. In this context,
liquid biopsy has emerged as a highly promising tool
for cancer screening, surveillance, disease monitoring,
and identification of new therapeutic targets. Recent
developments in tumor-specific, highly sensitive assays such
as NGS, ddPCR, or CRISPR enzyme-based diagnostic
platforms for molecular profiling of CTCs at single cell
resolution, and analysis and detection of cell-free nucleic
acids (ctDNA, miRNAs) and extracellular vesicles in serum
and urine, suggest that liquid biopsy may have clinical
applications for MIBC. Despite the tremendous potential of
liquid biopsy, real-world application in MIBC is hindered
by poor specificity and sensitivity, lack of standardization,
and poor reproducibility. Clearly, further investigations and
large-scale validation studies are needed before liquid biopsy
can be applied successfully in routine clinical practice.
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