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outcomes. A combination of cytology and cystoscopy is the standard method-

analyses of single tumor-biopsy specimens may underestimate the mutational
burden of heterogeneous tumors. Liquid biopsy, as a promising technology,
enables analysis of tumor components in the bodily fluids, such as blood and
urine, at multiple time points and provides a minimally invasive approach that
can track the evolutionary dynamics and monitor tumor heterogeneity. In this
review, we describe the multiple faces of BC heterogeneity at the genomic and
transcriptional levels and how they affect clinical care and outcomes. We also
summarize the outcomes of liquid biopsy in BC, which plays a potential role in
revealing tumor heterogeneity. Finally, we discuss the challenges that must be
addressed before liquid biopsy can be widely used in clinical treatment.
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1 | INTRODUCTION

Bladder cancer (BC) is the 10™ most common cancer
worldwide [1]. According to the Global Cancer Observa-
tory: CANCER TODAY (GLOBOCAN), three quarters of
all BC cases are predominantly male and more than 90%
of patients are over 50 years old [2]. BC is a highly het-
erogeneous malignancy, especially in advanced stage [3].
Approximately 75% of BC patients are diagnosed with non-
muscle-invasive bladder cancer (NMIBC), whereas, 10%-
25% eventually develop muscle-invasive bladder cancer
(MIBC) [4]. Patients with MIBC are offered cisplatin-based
neoadjuvant chemotherapy (NAC), which may prolong
median overall survival by 13-14 months with a response
rate of 50% [5-7]. Non-response patients may lose the
opportunity for additional therapy with their disease pro-
gression. The use of immune checkpoint blockade contin-
ues to break new ground in the management of MIBC,
however, there are still many patients cannot benefit from
these therapies [7, 8]. With the advent of precision oncol-
ogy, more and more molecular subtyping is increasingly
recognized in BC [9-13].

Several lines of evidence suggest that tumor heterogene-
ity occurs on multiple levels can lead to the distinct clin-
ical outcomes of NMIBC and MIBC. For example, gain-
of-function mutations of fibroblast growth factor receptor
3 (FGFR3) are more prevalent in low-grade NMIBC [14],
whereas mutations in DNA damage repair genes [12, 15]
and somatic mutations in receptor tyrosine-protein kinase
erbB-2 (ERBB2) [16] were associated with an excellent
response to NAC in patients with MIBC. Previous stud-
ies have proven that pancreatic ductal adenocarcinoma is
the most common type of pancreatic cancer featured with
high intra-tumoral heterogeneity (ITH) and poor progno-
sis [17], whereas other studies have shown a more mod-
est level of ITH in lung cancer [18], or varying degree of
ITH between patients with high-grade ovarian cancer [19].
However, studies in BC have shown a low level of ITH
within individual biopsies, but a large difference between
primary tumors and metastatic regions [20, 21]. The het-
erogeneity of BC results in great variation between differ-
ent patients or regions of the same tumor tissue can lead to
great differences in treatment efficacy and drug resistance
[20, 21].

Since obtaining tumor tissue for biopsies is invasive and
technically difficult, biopsies are limited to very few sam-
pling points in time and accessible sites or metastatic sites,
such as the lung, bone, and brain [22]. These limitations
may fail to detect clinically relevant resistance mutations
and pose a significant challenge to the development of BC
treatment strategy [23]. The focus of precision oncology

is increasingly turning to liquid biopsy. Liquid biopsy is
used to analyze biomarkers in various body fluids, includ-
ing blood, urine, and saliva [24-26]. It is noninvasive and
can be repeated at multiple points in time. Recent stud-
ies have shown that attempts are now being made to use
liquid biopsy as an alternative strategy to understand het-
erogeneity in different kinds of cancer, such as lung [27],
breast [28], gastrointestinal [29, 30], and colorectal cancers
[31]. With the application of liquid biopsy in BC gradually
maturing in recent years, numerous studies have shown
that liquid biopsy may play an important role in the man-
agement of patients with BC at different stages [32-35].
Here, we provide a comprehensive overview of BC
heterogeneity at the genomic and transcriptional levels,
which may predict disease progression and therapeutic
response and could eventually affect clinical decision. We
then discuss the current applications of liquid biopsy in
BC research and analyze its potential for identifying tumor
heterogeneity in clinical routine. The many challenges that
need to be overcome in the future are also described.

2 | HETEROGENEITY IN BC

Improved technology has allowed scientists and clinicians
to characterize the heterogeneity of tumor at multiple lev-
els. Moreover, multi-region sequencing was performed in
many cancer types, including lung [36], breast [37], kidney
[38-40], rectal [41], colorectal [42], prostate cancers [43],
and BC [44], which provides the opportunity to expose
the etiologies of treatment failure and drug resistance.
At the molecular level, MIBC is a heterogeneous disease
that is characterized by genomic instability and a high
somatic mutation rate (median, 5.5 per megabase), sim-
ilar to non-small cell lung cancer and melanoma [45].
This high mutation rate provides the fuel for tumor evo-
lution and tumor heterogeneity, and eventually poses fun-
damental challenges for treatment remission. Therefore, it
is essential to develop a comprehensive understanding of
BC heterogeneity between tumors over time (Figure 1).

2.1 | Genomic heterogeneity

Insights into the genomic landscape of MIBC, the con-
sequences of heterogeneity at the individual level have
now been well recognized by the different molecular
subtypes. An analysis of 412 tumors and matched nor-
mal samples revealed that patients with high APOBEC-
signature mutagenesis, which was strongly correlated with
high mutation burden, showed a better overall survival
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* Heterogeneous expression of aggressiveness signatures

The multiple faces of bladder cancer heterogeneity. Bladder cancer is a heterogeneous disease that is characterized by genomic

instability and a high mutation rate. In the disease course, bladder cancer generally becomes more heterogeneous. Inter-patient heterogene-
ity refers to heterogeneity between patients harboring tumors of the same histological type. In the same patients, tumor heterogeneity can
be broadly divided into intra-tumoral and inter-tumoral heterogeneity. Intra-tumoral heterogeneity refers to the differences between distinct
regions of one tumor. The variations between multiple primary tumors and/or metastatic sites are termed inter-tumoral heterogeneity. Tempo-
ral heterogeneity is present in tumor over time in the same patients. Colors denote the presence of sub-clones with different genomic and/or

transcriptome features. Heterogeneity at the genomic level and the transcriptional level are also listed.

than those with other mutational signatures [46]. More-
over, next-generation sequencing (NGS) of 178 cancer-
associated genes in 110 MIBC patients has demonstrated
that ERBB2 missense mutations are exclusively present in
patients responding to NAC [16].

Current strategies for the treatment of MIBC or other
cancers are typically relied on the biopsy of a single pri-
mary or metastatic site. In some multifocal cancers, such
as breast [37], kidney [38], rectal [41], prostate cancers [43],
and BC [44], the majority of point mutations detected in
different fragments are frequently unique to a single frag-
ment. These findings indicate that gene mutations found
in single biopsies will not necessarily be representative of
mutations presented in the entire tumor and ITH has sub-
stantial obstacle to appropriate selection of precision ther-
apies. For example, in a recent study, Heide et al. [44] used
multiregional whole-exome sequencing of 10 whole cystec-
tomy specimens from BC to show an uneven distribution
of key molecular alterations across distinct areas within
a tumor. It intends to support an evolutionary model

whereby synchronous development and parallel evolution
of important alterations are followed in a dynamic rather
than static way. This ongoing evolution might ultimately
lead to inter-tumoral heterogeneity, meaning the differ-
ences between the primary tumor and metastases.

The transfer of disease from local organ to another
part of the body is termed “metastasis”. Although distant
metastasis is the leading cause of cancer-related deaths,
current risk allocation and treatment recommendations
for BC metastasis are primarily based on the histologi-
cal and molecular characteristics of the primary tumor.
Genomic studies in several types of tumors have revealed
regionally diverse mutational landscapes between primary
tumors and metastatic sites [47, 38, 48], and genetic differ-
ences between metastatic and primary tumors may affect
treatment efficacy [49]. The study on the genetic difference
between primary BC and local metastasis also showed that
there were a distinct differences between primary tumor
and metastasis in the degree of genetic differentiation
[50, 20].
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As multiregional sampling and blood-based liquid
biopsies become widely studied, a high degree of genomic
diversity across different regions (spatial heterogeneity)
and over time (temporal heterogeneity) will be explained.
However, the difference between primary tumor,
metastatic, and circulating tumor markers currently
remain to be elucidated.

2.2 | Transcriptome heterogeneity

The classification of MIBC subtypes based on gene expres-
sion has become increasingly clear, and several reports
have highlighted the clinical significance of molecular
stratification of MIBC [51-55, 46, 56]. Seiler et al. [55]
reported that patients with basal tumors should be pri-
oritized for NAC, they found the first single-sample clas-
sifier to subtype MIBC, which may be suitable for inte-
gration into routine clinical practice. Moreover, patients
with metastatic urothelial cancer (UC) and patients who
responded to the anti-programmed death-ligand 1 (PD-L1)
agent were associated with CD8' T-effector cell pheno-
type and high neoantigen or tumor mutation burden. Lack
of response was associated with a signature of transform-
ing growth factor 8 (TGFp) signaling in fibroblasts [57]. In
recent years, The Cancer Genome Atlas (TCGA) database
and other groups have identified multiple intrinsic sub-
types of BC based on gene expression profiling (Table 1).
These studies divided BC into distinct subtypes with vari-
ant transcriptomic outlines and the response to specific
treatment types.

The study by Thomsen et al. [58] revealed inter-tumoral
heterogeneity in various subtypes and aggressiveness sig-
natures, and they also suggested that multiple subclones
can occur within a MIBC patient. However, these sub-
type sets are not uniform and confusing. Kamoun et al.
[59] performed a network-based analysis of six indepen-
dent MIBC classification systems to reach a consensus on
MIBC molecular subtypes (luminal papillary, luminal non-
specified, luminal unstable, stroma-rich, basal/squamous,
and neuroendocrine-like). Their results showed that the
overall survival was directly associated with the subtypes.
For example, patients with luminal papillary subtype
tumors had a better outcome, and the neuroendocrine-like
subtype tumors were associated with the worst progno-
sis. For guided therapy, basal/squamous subtype tumors
expressed high levels of immune checkpoint markers and
epidermal growth factor receptor (EGFR), which may be
associated with sensitivity to immunotherapies and EGFR-
targeted therapies [59]. Therefore, these studies demon-
strated that responses to chemotherapy or immunotherapy
may be enriched in specific MIBC subtypes.

3 | NONINVASIVE MONITORING OF BC
HETEROGENEITY

Practical molecular stratification of tumors will be criti-
cal to guide the use of emerging targeted therapies and
immunotherapy in BC. However, in the setting of sig-
nificant inter-tumoral heterogeneity or ITH, a single-site
biopsy may not be representative for the entire tumor [41].
Moreover, longitudinal or simultaneous multi-site testing
is not feasible because continuous tissue sampling is inva-
sive and impinges on quality of life. Cystoscopy and urine
cytology remain the gold standard for BC diagnosis, prog-
nosis, and disease surveillance; unfortunately, cystoscopy
is invasive and urine cytology is limited by its low sensitiv-
ity (20%-53%), especially in low-grade tumor [60]. Existing
urinary biomarkers for BC, such as the nuclear matrix pro-
tein 22 [61, 62] and bladder cancer antigen, which are Food
and Drug Administration-approved, are not widespread
adopted because of the lack of sensitivity for low-grade
tumor and may result in false positives because of inflam-
mation and hematuria [62, 61].

Asliquid biopsy is considered a non-invasive and repeat-
able test that allows dynamic assessment of specific molec-
ular markers, many efforts have been made to iden-
tify new circulating/urinary biomarkers including cell-free
DNA (cfDNA), circulating tumor cells (CTCs), circulating
microRNAs (miRNAs), and exosomes, which are capable
of diagnosing diseases, monitoring recurrence, and poten-
tially predicting treatment response. The ongoing studies
on the clinical significance of liquid biopsy are summa-
rized in Table 2.

3.1 | cfDNA

Substantial evidence has demonstrated that cfDNA orig-
inated from tumor cells contains tumor-specific DNA
alterations, generally referred as circulating tumor DNA
(ctDNA), plasma tumor DNA, or urinary cell-free DNA
(UcfDNA), which can be detected in the blood or urine of
patients with BC [63-69].

Hypermethylation of the CpG island of promoter
regions causes tumor suppressor gene silencing, and it
has been reported for numerous gene sites in BC, such
as hypermethylation at APC regulator of WNT signaling
pathway (APC) [70], glutathione s-transferase pi 1 (GSTP1)
[71], prostaglandin-endoperoxide synthase 2 (PTGS2) [72],
and Reprimo (RPRM) [73]. However, the gene sites men-
tioned above were performed single gene analysis, and sen-
sitivity was limited at 18% to 48% [66]. Using a methylation-
specific PCR, Ellinger et al. [66] detected hypermethylation
in at least one of the 3 genes (GSTPI, tazarotene-induced
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TABLE 1

Reference

Robertson et al.

[46]

Tan et al. [51]

‘Warrick et al.
[52]

Sjodahl et al.
[54]

Seiler et al. [55]

Efstathiou et al.

[56]

Samples
412 MIBC

2411 NMIBC and
MIBC

309 BC co-occurring
with conventional
urothelial
carcinomas

307 MIBC

305 MIBC

259 MIBC

Molecular subtype
Luminal-papillary,
Luminal-infiltrated,
Luminal,
Basal-squamous,
Neuronal

Papillary-like,

HER2-like,

Luminal-like,

Nerual-like,
Mesenchymal-like,
Squamous-cell carcinoma-like

Urothelia-like,
Genomically unstable,
Basal-squamous,
Mesenchynal-like

Urothelial-like,

Genomically unstable,
Epithelial-Infiltrated,
SCCL/Mesenchymal Infiltrated,
SCCL/UroB,
Small-cell/Neuroendocrine-like

Claudin-low,

Basal,
Luminal-infiltrated,
Luminal

Luminal,
Luminal-infiltrated,
Basal,

Claudin-low

WILEY-

Identification of multiple molecular subtypes through transcriptome sequencing analysis

Main findings

Five molecularly distinct consensus molecular
subtypes were identified with potential clinical
utility;

The luminal-infiltrated subtype had increased
expression of several immune markers, including
PD-L1and PD-1;

Loss of TP53 and RB1 was a hallmark of small cell
neuroendocrine cancer, which had the poorest
survival.

Six molecularly distinct consensus molecular
subtypes were identified with potential clinical
utility;

NMIBC with high risk of progression, displayed
the molecular features of MIBC.

Four molecularly distinct consensus molecular
subtypes were identified with potential clinical
utility;

BC was often molecularly heterogeneous,
particularly in the basal-squamous subtype;
Among patients with more than one tumor
histology, 39% demonstrated molecular
heterogeneity among the different tumor
histologists.

Six molecularly distinct consensus molecular
subtypes were identified with potential clinical
utility;

There was a systematic disagreement in subtype
classification determined by global mRNA
profiling and by immunohistochemistry profiling
at the tumor-cell level;

A combination of tumor cell phenotype and global
mRNA analysis was suggested as a method for
adequate subtype classification of MIBC.

Four molecularly distinct consensus molecular
subtypes were identified with potential clinical
utility;

Higher RNA-based immune signatures were
significantly associated with improved CR and PFS
outcomes after pembrolizumab, but not after NAC.

Four expression signatures of immune infiltration
of MIBC were identified with potential clinical
utility;

Higher immune infiltration in MIBC was
associated with improved disease-specific survival
after trimodality therapy, whereas higher stromal
infiltration was associated with shorter
disease-specific survival after NAC and RC.

Abbreviations: NMIBC, non-muscle-invasive bladder cancer; MIBC, muscle-invasive bladder cancer; PD-L1, programmed death-ligand 1; PD-1, programmed
death-1; TP53, tumor protein p53; RB1, RB transcriptional corepressor 1; HER2, human epidermal growth factor receptor 2; SCCL, squamous-cell carcinoma-like;
UroB, urothelial-like B; CR, complete response; PFS, progression-free survival; NAC, neoadjuvant chemotherapy; RC, radical cystectomy.
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gene 1 (TIGI1), and APC) in 80% of serum samples from BC
patients undergoing cystectomy, with a specificity of 93%
(Table 3). Furthermore, they investigated two small DNA
fragments (124 bp PTGS2 and 271 bp RPRM in serum DNA
levels using the same cohorts, and an apoptosis index (ratio
of 124 bp/271 bp fragments) has been identified to discrim-
inate BC from benign prostate hyperplasia with high sen-
sitivity (96%) and moderate specificity (62%) [68] (Table 3).
With the wide application of NGS technology, nonin-
vasive testing of ctDNA in BC has been used to iden-
tify genomic aberrations and predict treatment response.
For example, alterations in BRCA1 DNA repair associated
(BRCA1) and Raf-1 proto-oncogene (RAFI) genes appear
to be negatively associated with clinical outcomes [63],
and the sequencing results revealed high genomic con-
cordance between the tissue DNA and ctDNA. Moreover,
changes in ctDNA variant allele frequencies are closely
correlated with duration of immunotherapy, antitumor
activity, and clinical outcomes in BC [74]. A phase I trial
conducted by Sundahl et al. [64] showed a rapid ctDNA
fraction decline in patients who responded to treatment,
whereas stable or increased fractions were detected in
non-responders. This is the first trial to demonstrate that
ctDNA fraction monitoring can be used to predict treat-
ment response for metastatic urothelial carcinoma. Sim-
ilarly, Birkenkamp-Demtroder et al. [65] observed that
ctDNA levels of patients with metastatic relapse were sig-
nificantly higher than those of patients without cancer.
The median positive interval between ctDNA detection in
plasma and diagnosis of relapse was 101 days after cystec-
tomy, suggesting that ctDNA analysis may be more sensi-
tive than computed tomography (CT) scanning in MIBC.
Besides ctDNA, urothelial tumors have close contact
with urine, thus, urinary biomarkers are highly promis-
ing as noninvasive tools. Somatic mutations are reliably
detected in urinary cell-pellet DNA and cfDNA [75-80],
and the level of cfDNA in urine supernatants was asso-
ciated with pathologic features and disease progression,
which makes urine tumor DNA have great potential in
clinical detection, especially in the early stages of BC [81,
82, 80, 79, 83, 84]. Current research on the clinical signifi-
cance of UcfDNA detection for BC is increasing (Table 2).
Christensen et al. [83] found that NMIBC patients had
high levels of cfDNA in serial urine supernatants, which
was associated with later disease progression in NMIBC.
Increased levels of FGFR3 and Phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha (PIK3CA)
mutated DNA in urine and plasma are indicative of later
progression and metastasis in BC. Hirotsu et al.[81] com-
pared detection rates of 71 UC commonly mutated genes in
urine supernatants, urine precipitation, and plasma from
25 BC patients and 5 patients with cystitis and benign

tumor. The diagnostic sensitivity of the genetic analysis
was higher in urine DNA (67%-78%) compared to cfDNA
or conventional cytology (22%) in NMIBC. In addition,
by using a high-throughput sequencing-based hybrid cap-
ture method, Dudley et al. [84] observed a high concor-
dance for mutations between tumor and ucfDNA which
enabled genotyping of multiple somatic aberration types
across a broad genomic space in a single integrated assay,
and they concluded that profiling of urine supernatants
could have a significant value for BC early detection, sensi-
tivity and specificity was achieved at 93% and 96% respec-
tively (Table 3).

3.2 | CTGCs

Although inter-tumoral heterogeneity, as reflected in dif-
ferent clinical phenotypes in different patients, has been
partially explained with cfDNA, the cfDNA analysis can-
not fully explain ITH because of its limited origin and accu-
rate calling of copy-number aberrations [24].

Single-ncell technologies now allow a comprehensive
analysis of tumor cells in peripheral blood to unravel
diverse aspects of metastasis, which can contribute to
tumor heterogeneity. In some cases, it may be easier to
distinguish tumor heterogeneity from CTCs than from the
primary tumors. Recent molecular and clinical studies
have shown that invasion may occur early in tumor devel-
opment, and CTCs are released into circulation in the early
stage of cancer [85]. Qi et al. [86] explored an effective strat-
egy for enrichment, characterization, and quantification
of CTCs based on the high expression of folate receptor
a (FRa) in BC, which validated its diagnostic significance
and demonstrated a modest sensitivity of 82.1% and speci-
ficity of 61.9%. This is so far the first study to confirm that
FRoa can be used as a tumor marker to detect CTCs in BC.
New methods for isolating large numbers of CTCs are still
being studied, which may improve the ability to perform a
more comprehensive molecular analysis of most patients.

Currently, a preliminary study comparing CTC and
ctDNA sample collection in 16 metastatic UC patients has
found a similar detection rate for CTCs and ctDNA. How-
ever, the CTCs count was not correlated with cell-free DNA
or ctDNA fraction, and several clinically actionable muta-
tions were detected in plasma that were not found in the
matching tumor [87]. Therefore, the researchers suggested
that CTCs and ctDNA can provide complementary infor-
mation; ctDNA may be more effective for early detection,
while CTCs may be more suitable for studying the biologi-
cal features of circulating malignant cells as well as protein
expression at the single cell level. The presence of CTCs has
also been proposed to be associated with poor prognosis,
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and the amount of CTCs found in blood is often associated
with short-term disease-free survival of metastatic BC [88].

3.3 | Circulating miRNAs and others
Other tumor-derived products also exist in bodily fluids,
such as cell-free miRNAs [60-62], long non-coding RNAs
(IncRNAs) [63], exosomes or tumor-educated platelets [61],
which are of concern as liquid biopsy analyses with poten-
tial clinical significance.

miR-210 was upregulated in BC tissues, and the levels
of miR-210 increased with advancing stage and grade [89].
Moreover, miRNA expression levels can also reflect tumor
dynamics in MIBC. Yang et al. [90] compared miR-210 lev-
els in matched serum samples obtained before and after
surgery, and the results showed a significant reduction of
miR-210 after surgery. The levels of serum miR-210 from
patients with relapsed BC were upregulated and reached
the levels of those in pre-operative patients. In summary,
these studies suggest that serum miR-210 could be a poten-
tial noninvasive biomarker for screening, predicting, and
monitoring MIBC.

Exosomes are vesicles of endocytic origin and contin-
uously released from the bladder [91], which can medi-
ate communication between cells through the transfer of
nucleic acids [92-95] and proteins [96] in BC. Numerous
studies have been conducted to investigate the role of exo-
somes in patients with BC. The results are very heteroge-
neous, but promising candidate nucleic acids biomarkers
have been identified with higher sensitivities and speci-
ficities than plasma ctDNA. The major studies that have
investigated the role of exosomes in the diagnosis of BC
are compiled in Table 3 [86, 97-104]. Although the specific
functional role of exosomes in BC heterogeneity remains
unclear, exosomes have emerged as potential noninvasive
disease biomarkers with potential clinical significance.

4 | CONCLUSIONS AND FUTURE
PERSPECTIVES

BC is a heterogeneous disease with higher tumor bur-
den among cancers. Unfortunately, there have been few
advances in its clinical management due to a poor under-
standing of the correlations between its molecular and
clinical features. This tumor heterogeneity might ulti-
mately provide the fuel for the emergence of treatment
resistance and, eventually, disease relapse.

An alternative strategy to understand tumor heterogene-
ity might be liquid biopsy, which can detect genetic alter-
ations and tumor cells present in peripheral blood or urine
of patients with BC [105, 99]. Peripheral blood- or urine-

based genomic analyses were flexible in processing, and
there are no specific device required for isolation, which
have the potential to diagnose and dynamically monitor
BC recurrence [82, 78, 106, 69, 65, 79]. Therefore, cfDNA
analysis has now become one of the major methods to eval-
uate BC heterogeneity without the sampling bias of tis-
sue biopsy. However, there are still remaining challenges
of widely used cfDNA. At present, majority of studies on
liquid biopsy in BC are based on ctDNA analysis and focus
on patients at advanced stages. Since the use of ctDNA for
early detection is probably very limited by the low detec-
tion rates in early-stage cancer, highly sensitive methods
and sufficient sample volumes are needed to detect trace
amounts of ctDNA [107, 108].

Compared to the peripheral blood collection, urine
biopsy can be truly collected “non-invasively”, and sam-
pling peripheral fluids in close proximity to diseased
organs has been proved to improve the sensitivity of the
detection of tumor mutated DNA [109, 69]. Therefore,
urine-based genetic analysis is an ideal liquid biopsy for
detecting tumor-derived DNA and may be more precise
in reflecting tumor mutational profiles than plasma, espe-
cially in early-stage BCs [81, 69].

Attention should also be paid to the effects of con-
founders of apoptosis and aging on cfDNA analysis in
non-tumor patients. For example, benign somatic hetero-
geneity may result from somatic mosaicism, which is the
accumulation of mutations during development and aging,
resulting in the production of cells with different geno-
types in the same individual. Fernandez-Cuesta et al. [110]
assessed the presence of tumor protein p53 (TP53) muta-
tions detected at very low fractions in the cfDNA, and
they detected TP53 mutations in 49% small cell lung can-
cer patients and 11.4% of non-cancer controls. Therefore,
detection of a mutation in a cancer driver gene in cfDNA
cannot be equated with evidence of tumor.

In addition to genomic aberrations not covered by
ctDNA analysis, CTC analysis provides unique insights
into tumor heterogeneity, including transcriptional hetero-
geneity using single-cell RNA sequencing [111]. However,
there is very low number of CTCs available in early stage
disease, and different tumor regions within an individual
patient might not present the same propensity of CTCs.
Therefore, it is still unclear whether CTCs analysis could
lead to a potential biological bias with the ITH. In the near
future, besides the development of novel high-throughput
technologies, the combined molecular characterization of
ctDNA and CTCs or other liquid biopsy may provide com-
plementary information, for example, combining ctDNA-
and CTC-derived analyses can identify the T790M muta-
tion in EGFR-mutant non-small cell lung cancer patients
in whom the concurrent biopsy is negative or uncertain
[112].
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Other tumor products such as cell-free RNA or exosomes
also have high sensitivity and specificity in the diagnosis of
BC, whereas as exosomes can be released into the periph-
eral circulation by many types of cells, the key challenges
is to discriminate exosomes derived from either tumor or
normal cells.

Recent advances in detection and sequencing technol-
ogy have contributed to clinical determination of genomic
heterogeneity in subpopulations of BC patients. For exam-
ple, the detection of invasive mesenchymal exudative blad-
der cancer cells (EBCCs) from urine using a microflu-
idic enrichment device has a high sensitivity (93.3%),
therefore, the enumeration and cytological analysis of
EBCCs may serve as a complementary tool for clini-
cal real-time detection [113]. In nasopharyngeal cancer,
a label-free and modification-free nanotechnology based
on surface-enhanced Raman spectroscopy was employed
for cfDNA analysis with an ideal diagnostic sensitivity of
83.3% and specificity of 82.5% [114]. These advancements
have increased the sensitivity of non-invasive screening
for early diagnosis. In addition, the extent of genomic and
transcriptional heterogeneity at the individual cell level
remains largely unknown within primary bladder tumors
and metastases. Large-scale clinical trials involving vari-
ous stages of BC will be needed to determine the clinical
value of spatial and temporal variation in the genomic and
transcriptional landscape of BC to guide clinical treatment.
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