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At present, proteomic methods have successfully identified potential biomarkers of urological malignancies, such as prostate 
cancer (PC), bladder cancer (BC), and renal cell carcinoma (RCC), reflecting different numbers of key cellular processes, including 
extracellular environment modification, invasion and metastasis, chemotaxis, differentiation, metabolite transport, and apoptosis. 
The potential application of proteomics in the detection of clinical markers of urological malignancies can help improve patient 
assessment through early cancer detection, prognosis, and treatment response prediction. A variety of proteomic studies have 
already been carried out to find prognostic BC biomarkers, and a large number of potential biomarkers have been reported. It is 
worth noting that proteomics research has not been applied to the study of predictive markers; this may be due to the incompat-
ibility between the number of measured variables and the available sample size, which has become particularly evident in the 
study of therapeutic response. On the contrary, prognostic correlation is more common, which is also reflected in existing research. 
We are now entering an era of clinical proteomics. Driven by proteomic-based workflows, computing tools, and the applicability of 
cross-correlation of proteomic data, it is now feasible to use proteomic analysis to support personalized medicine. In this paper, we 
will summarize the current emerging technologies for advanced discovery, targeted proteomics, and proteomic applications in BC, 
particularly in discovery of human-based biomarkers. 
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INTRODUCTION

Bladder cancer (BC) is the fourth most common malig-
nant tumor in the United States. Traditionally, based on 
the degree of invasion in the bladder muscle wall, BC can 
be classified into either non-muscle invasive (NMIBC) or 
muscle invasive (MIBC) [1]. Based on the differing histology 

of BC, there are several types. Transitional cell carcinoma 
(TCC) accounts for about 90% of all BC [2]. Other histological 
variants found in clinical specimens include squamous, glan-
dular, plasmacytoid, sarcomatoid, micropapillary, and small 
cell carcinoma [3]. BC can also be divided pathologically into 
low-grade (LG) or high-grade (HG) tumors. LG tumors are 
usually well-differentiated, while HG tumors are poorly dif-
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ferentiated [4].

SUBTYPE CLASSIFICATION OF BLAD-
DER CANCER

Recent genome mRNA expression analysis demonstrated 
that BC can be classified into molecular subtypes. These dif-
ferent molecular subtypes of BC have distinct progression 
patterns, biological and clinical properties, and response to 
chemotherapies. There are currently five published classifi-
cation methods; these include guidelines from the Univer-
sity of North Carolina (UNC), MD Anderson Cancer Center 
(MDA), The Cancer Genome Atlas (TCGA), Lund University 
(Lund), and Broad Institute of Massachusetts Institute of 
Technology and Harvard University (Broad) (Table 1).

The classifications by UNC define two molecular sub-
types of HG BC, “luminal” and “basal”, with molecular fea-
tures reflecting different stages of urothelial differentiation 
[5]. Luminal BC expresses terminal urothelial differentiation 
markers, such as those seen in umbrella cells (uroplakin-1B 
[UPK1B], UPK2, UPK3A, and keratin-20 [KRT20]), whereas 
basal BC expresses high levels of  genes that are typical 
in urothelial basal cells (keratin-14 [KRT14], KRT5, and 
KRT5B). The UNC study created a gene signature, BASE47, 
that accurately discriminates intrinsic BC subtypes. Identi-
fied basal tumors had significantly decreased disease-specific 
and overall survival (OS). In addition, among the clinico-
pathological features available in from the Memorial Sloan 
Kettering Cancer Center dataset, only the subtypes identi-
fied by the BASE47 signature were found to be significant 
in disease-specific survival by univariate analysis. 

Kardos et al. [6] reported the discovery of a claudin-low 
molecular subtype of  high-grade BC that shares charac-
teristics with the homonymous subtype of breast cancer. 
Although there has been much work done on the molecular 
phenotyping of BC, the different emphases of different clas-
sification methods have made it difficult to consolidate a 
widely accepted classification method. As a result, the molec-

ular phenotyping of BC remains to be further studied. The 
claudin-low subtype can be considered a subpopulation of 
the basal-like subtype (UNC classification system). Claudin-
low BC tumors are rich in a variety of genetic characteris-
tics, including increased mutation rates of retinoblastoma 
transcriptional corepressor 1 (RB1), E1A binding protein 
P300 (EP300), and nuclear receptor corepressor 1 (NCOR1), 
and have increased frequency of estimated glomerular fil-
tration rate (EGFR) amplification, decreased mutation rates 
of fibroblast growth factor receptor 3 (FGFR3), E74-like ETS 
transcription factor 3 (ELF3), and lysine demethylase 6A 
(KDM6A), and decreased frequency of peroxisome prolifera-
tor activated receptor gamma (PPARγ) amplification. These 
characteristics define a molecular subtype of BC with dis-
tinct molecular features and an immunological profile that 
is theoretically primed for an immunotherapeutic response. 

The classification system by MDA identified three mo-
lecular subtypes of MIBC: “basal”, “luminal”, and “P53-like” 
[7]. Basal MIBC was associated with shorter disease-specific 
and OS, presumably because these patients tend to have 
more invasive and metastatic disease at presentation. Tran-
scription factor P63 plays a central role in controlling basal 
gene signatures and preliminary data suggests that EGFR, 
signal transducer and activator of transcription 3 (STAT3), 
nuclear factor kappa-light-chain-enhancer of  activated B 
cells (NFκB), and hypoxia-inducible factor 1-alpha (Hif-1α) 
are also involved. Luminal MIBC displays active estrogen 
receptor/tripartite motif containing 24 (ER/TRIM24) path-
way gene expression and was enriched for forkhead box A1 
(FOXA1), GATA binding protein 3 (GATA3), Erb-B2 recep-
tor tyrosine kinase 2 (ERBB2), and Erb-B2 receptor tyrosine 
kinase 3 (ERBB3). Luminal MIBC contains active PPAR 
gene expression and activating FGFR3 mutations; therefore, 
PPARγ- and FGFR-3-targeted agents may be therapeutic in 
this subtype. Because luminal MIBC responds well to neo-
adjuvant chemotherapy (NAC), targeted therapies should be 
combined with conventional chemotherapy for maximum 
efficacy. The P53-like MIBC responded very poorly to NAC 

Table 1. Widely accepted classifications of BC based on molecular phenotypes 

UNC MDA Lund TCGA Broad
Basal Basal UroA Cluster I Basal
Luminal Luminal UroB Cluster II Luminal
Claudin-low P53-like GU Cluster III Luminal immune

SCCL Cluster IV Immune undifferentiated
Infiltrated

BC, bladder cancer; UNC, the University of North Carolina; MDA, MD Anderson Cancer Center; Lund, Lund University; TCGA, The Cancer Genome 
Atlas; Broad, Broad Institute of Massachusetts Institute of Technology and Harvard University; UroA, urobasal A; UroB, urobasal B; GU, genomically 
unstable; SCCL, squamous cell carcinoma like.
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and was consistently resistant to frontline neoadjuvant cis-
platin-based combination chemotherapy. Additionally, com-
parative analysis of matched gene expression profiles before 
and after chemotherapy revealed that all resistant tumors 
expressed the wild-type P53 gene expression signature. These 
results indicate that “P53-ness” may play a central role in 
BC chemoresistance.

The classification system by TCGA identified four clus-
ters (clusters I–IV) by analyzing RNA-seq data from 129 
tumors [8]. Cluster I (papillary-like) is enriched for in tumors 
with papillary morphology, FGFR3 mutations, FGFR3 copy 
number gain, and elevated FGFR3 expression. Cluster I sam-
ples also had significantly lower expression of miR-99a, miR-
100, miR-145, and miR-125b. Tumors with FGFR3 alterations 
and those that share similar cluster I expression profiles 
may respond well to inhibitors of FGFR and its downstream 
targets. Clusters I and II express high levels of GATA3 and 
FOXA1. Markers of urothelial differentiation, such as uro-
plakins, epithelial marker E-cadherin, and members of miR-
200 miRNAs, are also highly expressed in clusters I and II. 
Clusters I and II express high human epidermal growth 
factor receptor 2 (HER2) levels and an elevated estrogen 
receptor beta signaling signature, which suggests potential 
utilization of hormone therapies, such as tamoxifen or ralox-
ifene. Cluster III (basal/squamous-like) express characteristic 
epithelial lineage genes, including KRT14, KRT5, KRT6A, 
and EGFR. Many of the samples in cluster III express cyto-
keratins (KRT14 and KRT5). Integrated expression profil-
ing analysis of cluster III revealed an urothelial carcinoma 
subtype with cancer stem-cell expression features, perhaps 
providing another avenue for therapeutic targeting.

The Lund classification system defines five major uro-
thelial carcinoma subtypes: urobasal A, genomically unsta-
ble, urobasal B, squamous cell carcinoma-like (SCC-like), and 
infiltrated tumor class [9]. This was established using gene 
expression profiles from 308 tumor cases. These different 
molecular subtypes show significantly different prognoses. 

Urobasal A had the best prognosis, whereas urobasal B 
and SCC-like had the worst. The prognoses of the genomi-
cally unstable and infiltrated classes were found to be mod-
erate. Urobasal A tumors were characterized by elevated ex-
pression of FGFR3, cyclin D1 (CCND1), P63 (TP63), as well as 
expression of KRT5 in cells at the tumor–stroma interface. 
The majority of urobasal A tumors were NMIBC and of low 
pathological grade. The genomically unstable subtype was 
characterized by expression of ERBB2 and cyclin E (CCNE), 
low expression of cytokeratins, and frequent mutations of 
P53 (TP53). Genomically unstable cases represented a high-
risk group; as close to 40% were MIBC. This subtype also 

showed low phosphatase and tensin homolog (PTEN) expres-
sion. The SCC-like subtype was characterized by high ex-
pression of basal keratins, which are normally not expressed 
in the urothelium; these include KRT4, KRT6A, KRT6B, 
KRT6C, KRT14, and KRT16. SCC-like tumors also had 
markedly bad prognoses. Furthermore, this group showed a 
comparatively different proportion of female/male patients, 
reminiscent of the 1:1 proportion seen in patients diagnosed 
with bladder SCC, suggesting that females are more likely 
to develop urothelial carcinomas with a keratinized/squa-
mous phenotype. Urobasal B tumors had several similarities 
to urobasal A tumors, such as a high FGFR3 mutation fre-
quency, elevated FGFR3, CCND1, and TP63 levels, and ex-
pression of the FGFR3 gene signature. However, this group 
also showed frequent TP53 mutations and expression of 
several keratins specific for the SCC-like subtype. Addition-
ally, 50% of the cases were MIBC, including 5 out of 9 that 
were FGFR3-mutated. The infiltrated subtype demonstrated 
a pronounced immunologic and extracellular membrane 
(ECM) signal, indicating the presence of immunologic and 
myofibroblast cells. This subtype most likely represents a 
heterogeneous class of tumors; immunohistochemistry (IHC) 
revealed the presence of tumors with genomically unstable, 
urobasal B, and SCC-like protein expression patterns in this 
group.

The Broad classification system defines four different 
subtypes: luminal, immune undifferentiated, luminal im-
mune, and basal [10]. Approximately 41% of invasive BC 
cases were luminal, with high expression of  KRT20 and 
UPKs 2/1A/1B/3A as well as moderate to high expression of 
multiple pertinent transcription factors (Kruppel Like Fac-
tor 5 [KLF5], PPARγ, and grainyhead-like 5 [GRHL5]). The 
luminal subtype was enriched for in male patients, BC with 
papillary histology, and stage II tumors. A third (29%) of 
invasive BC was in the basal subtype, with high expression 
of KRT14, KRT5, KRT6A/B, and KRT16, and low expression 
of uroplakins, which is consistent with basal or undiffer-
entiated cytokeratin expression patterns. Consistent with 
prior studies, the basal subtype expressed TP63, TP73, MYC 
Proto-Oncogene, BHLH Transcription Factor (MYC), GFR, 
transglutaminase 1 (TGM1), and Sciellin (SCEL), which is 
indicative of some degree of squamous differentiation. The 
basal subtype was enriched for in female patients and tu-
mors with nonpapillary histology. The basal subtype also ex-
pressed many immune genes at intermediate and somewhat 
variable levels. These genes include cytotoxic T-lymphocyte 
associated protein 4 (CTLA4) and CD274, which encodes for 
programmed death-ligand 1 (PD-L1), suggesting that there 
may be immune cell infiltration of tumors. A smaller per-
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centage of cancers (11%) were grouped into a novel subtype 
called immune undifferentiated. These cancers showed very 
low expression of luminal markers, variable expression of 
basal cytokeratin, and relatively high expression of immune 
genes, including CTLA4 and CD274, which further suggests 
significant immune cell infiltration and possible immune 
evasion. Lastly, the luminal immune subtype group con-
stitutes about 18% of all cases and is characterized by the 
expression of luminal genes (cytokeratins and uroplakins) 
and intermediate expression of immune genes. This group 
was notably enriched for in stage N+ tumors. The luminal 
subtype was enriched for in cancers with FGFR3 muta-
tions and amplification events involving PVRL4 (nectin-4) 
and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein zeta (YWHAZ). The basal subtype was en-
riched for nuclear factor erythroid 2 like 2 (NFE2L2) muta-
tions. Both the luminal immune and immune undifferenti-
ated subtypes had high expression levels of zinc finger E-box 
binding homeobox 1 (ZEB1), ZEB2, and twist family BHLH 
transcription factor 1 (TWIST1), which is characteristic of 
epithelial-mesenchymal transition (EMT).

All classification systems discussed above are widely ac-
cepted and based on molecular phenotyping. With ongoing 
progress in BC research, additional phenotyping classifica-
tions have been proposed. Here, we want to introduce some 
of these new classification systems (Table 2).

Sjödahl et al. [11] proposed five major tumor-cell pheno-
types in advanced BC: urothelial-like, genomically unstable 
(GU), basal/SCC-like, mesenchymal-like, and small-cell/
neuroendocrine-like. Urothelial-like tumors express FGFR3 
and CCND1 and frequently demonstrate a loss of 9p21 (cy-
clin dependent kinase inhibitor 2A [CDKN2A]). GU tumors 
express forkhead box M1 (FOXM1), but not KRT5, and fre-
quently show loss of RB1. Basal/SCC-like tumors were found 
to express KRT5 and KRT14, but not FOXA1 and GATA3. 
The mesenchymal-like BC is a new subtype that shows a 
tumor-cell phenotype that starkly contrasts with previously 
defined subtypes and is biologically different from the basal/
SCC-like cases that they are clustered with. These tumor 

cells are mesenchymal-like and express typical mesenchymal 
genes, such as ZEB2 and vimentin (VIM). The consensus 
cluster, Sc/NE-like, harbors two very distinct tumor-cell phe-
notypes. Half of these tumors expressed markers that are 
typical for neuroendocrine differentiation. This part of the 
Sc/NE consensus cluster also showed an absence of PPARG, 
FOXA1, uroplakin, KRT20, and GATA3 expression.

Song et al. [12] explored large-scale genomic datasets 
encompassing NMIBC and MIBC, redefining four distinct 
molecular subtypes, aptly named classes 1–4. Class 1 is char-
acterized by decreased expression of genes involved in cell 
proliferation, signifying the less aggressive characteristics 
of class 1. Class 2 included both low-grade NMIBCs and a 
small number of MIBCs. Class 2 displayed downregulation 
of immune response pathways, such as antigen processing 
and presentation and T cell receptor signaling pathways. All 
verified human leukocyte antigen (HLA) genes, which were 
associated with clinical prognosis in cancer patients [13], ex-
hibited a specifically inhibited pattern in class 2. They also 
examined activated functions in class 2, observing increased 
expression of the oncogenes FGFR3 and CCND1 [3]. Class 3 
exhibited similar involvement of high-grade NMIBC and 
MIBC. In particular, most T1 high-grade tumors (11 out of 
16, 69%) were classified into class 3, indicating that class 3 
might be capable of detecting high-risk NMIBC with pro-
gressive disease. Class 3 displayed activation of cell cycle-
associated functions and the inhibition of genes involved in 
the Notch signaling pathway. These processes are associated 
with tumor progression [14-16]. Increased expression of cell 
cycle-related genes (E2F1, FOXM1, CCNB1, and CCNE1) [16-18] 
in class 3 was observed in both the NMIBC and MIBC cases. 
Finally, class 4, which contained the most MIBC cases, exhib-
ited clear upregulation of genes implicated in extracellular 
matrix organization along with strong activation of immune 
response. Additionally, class 4 tumors exhibited overexpres-
sion of genes associated with EMT or myofibroblasts, which 
is a shared feature with the Lund infiltrated subtype [9].

Tan et al. [19] identified six molecular subtypes with dif-
fering OS and molecular features by analyzing 2,411 urothe-

Table 2. Recently developed new classifications of bladder cancer (BC) based on molecular phenotypes

Sjödahl et al. [11] Song et al. [12] Tan et al. [19] Robertson et al. [20] Kamoun et al. [23]
Urothelial-like Class 1 Neural-like Luminal-papillary Luminal papillary
Genomically unstable Class 2 HER2-like Luminal-infiltrated Luminal nonspecified
Basal/SCC-like Class 3 Papillary-like Luminal Luminal unstable
Mesenchymal-like Class 4 Luminal-like Basal-squamous Stroma-rich
Small-cell/neuroendocrine-like Mesenchymal-like Neuronal Basal/squamous

Squamous-cell carcinoma-like Neuroendocrine-like

SCC, squamous cell carcinoma; HER2, human epidermal growth factor receptor 2.
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lial BC tumors. These subtypes are neural-like, HER2-like, 
papillary-like, luminal-like, mesenchymal-like, and squamous 
cell carcinoma-like. The neural-like subtype (median OS, 87 
mo) was prevalently MIBC and characterized by high WNT/
β-catenin signaling. HER2-like (median OS, 107.7 mo) evenly 
consisted of NMIBC and MIBC, with higher ERBB2 amplifi-
cation and signaling. Papillary-like (median OS, >135 mo), an 
NMIBC subtype enriched in urothelial differentiation genes, 
showed a high frequency of actionable FGFR3 mutations, 
amplifications, and FGFR3-TACC3 fusion. Luminal-like (me-
dian OS, 91.7 mo), which was predominantly NMIBC, had 
higher mitogen-activated protein kinase (MAPK) signaling 
and more KRAS proto-oncogene, GTPase (KRAS), and lysine 
methyltransferase 2 C/D (KMT2 C/D) mutations than other 
subtypes. Mesenchymal-like (MES; median OS, 86.6 mo) and 
SCC-like (median OS, 20.6 mo) were predominantly MIBC. 
MES is high in AXL receptor tyrosine kinase (AXL) signal-
ing, whereas SCC has elevated programmed death 1 (PD1), 
CTLA4 signaling, and macrophage M2 infiltration.

Robertson et al. [20] studied the mRNA expression of 
BC and identified five subtypes: luminal-papillary, luminal-
infiltrated, luminal, basal-squamous, and neuronal. These 
subtypes were associated with OS. Luminal-papillary tumors 
had papillary shape, low stage, and high purity. It was char-
acterized by FGFR3 mutations, fusion with Tacc3, and/or 
amplification. The risk of tumor progression and possibility 
of response to cisplatin-based NAC was very low [21]. The 
features of the luminal-infiltrated subtype included lowest 
purity, high expression of EMT, myofibroblast markers, and 
miR-200s, and moderate expression of CD274 and CTLA4. 
Simultaneously, this subtype was also characterized by wild 
type p53 [7]. These tumors were found to be possibly resistant 
to cisplatin. Several uroplakins (UPK1A, UPK2) and genes 
(krt20, snx31) had the highest gene expression levels in the 
luminal subtype tumors. The basal-squamous subtype was 
characterized by high expression of CD44, KRT5, KRT6A, 
KRT14, TGM1, DSC3, PI3, CD274, and CTLA4. The incidence 
rate of this tumor was high in females. Cisplatin-based NAC 
and immunological checkpoint therapy were both suitable 
treatments for this subtype [22]. The neuronal subtype was 
characterized by expression of  both neuroendocrine and 
neuronal genes and elevated cell cycle signals reflective of 
proliferation status. Small cell neuroendocrine cancer was 
characterized by loss of TP53 and RB1. This subtype had the 
worst survival. 

Kamoun et al. [23] identified six molecular subtypes of 
MIBC: luminal papillary, luminal non-specified, luminal un-
stable, stroma-rich, basal/squamous, and neuroendocrine-like. 
The three luminal subtypes were found to overexpress fea-

tures of urothelial differentiation, such as PPARG/GATA3/
FOXA1. The characteristics of  luminal papillary subtype 
included high expression of non-invasive TA pathway signal 
[24] and was closely related to FGFR3 transcription activity. 
Luminal papillary tumors were abundantly T2 or T3-4 tu-
mors, and the proportion of patients under 60 years old was 
much higher. The luminal non-specified subtype displayed 
elevated stromal infiltration signatures, mainly fibroblastic. 
This was the only luminal subtype associated with immune 
infiltration signals, which were mainly for B and T lympho-
cytes. Luminal non-specified tumors were abundant in Elf3 
gene mutations and was common in elderly patients. The 
luminal unstable subtype had higher cell cycle activity than 
other luminal tumors, and also contained frequent PPARG 
alterations and high-level amplification of E2F3 and SOX4. 
The stroma-rich subtype presented a moderate degree of 
urothelial differentiation. It is mainly manifested by stromal 
infiltration and overexpression of genes in smooth muscle, 
endothelial cells, fibroblasts, and myofibroblasts, and con-
tains higher levels of non-tumor cells. Immune infiltration 
was mainly seen in stroma-rich tumors (mostly T cells and 
B cell markers). The basal/squamous subtype was character-
ized by overexpression of genes related to basal cell differ-
entiation. Immune infiltration is also found in this subtype 
(mainly cytotoxic lymphocytes and natural killer cells) with 
high levels of nontumorous cells. Basal/squamous tumors 
were strongly related to STAT3 and EGFR regulon activ-
ity and HIF1A. Mutations in TP53 and RB1 were the most 
common in this subset of tumors. Basal/squamous tumors 
are more common in women, with a higher clinical stage 
and poorer prognosis. The neuroendocrine-like subtype was 
characterized by high expression of genes related to neuro-
endocrine differentiation. TP53 and RB1 inactivation was 
common, but no immune infiltration was detected in these 
tumors. Neuroendocrine-like tumor was the worst prognosis 
subtype.

PROTEOME AND PROTEOMICS 

Proteins are effector molecules that mediate the func-
tions of  genes and their deregulation contributes to the 
pathogenesis and therapeutic resistance of many diseases, 
such as cancer and neurodegenerative disorders. They rep-
resent an enormously valuable resource for personalized 
diagnosis, prevention, monitoring, and treatment. Therefore, 
protein properties, such as abundance, post-translational 
modification, stability, localization, transportation, and inter-
action with other molecules, have been intensively studied. 
Historically, proteins were previously studied on an indi-
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vidual basis. 
In the mid-90’s, Wilkins et al. [25] coined the term “pro-

teome” to describe the “PROTein complement of a genOME”. 
Of note, proteomics is highly complementary to genomics 
and transcriptomics, which can only indirectly, and, often 
inconclusively, measure the aforementioned protein proper-
ties. Mainly owning to the rapid advancement of proteomics 
technologies, the past 25 years have witnessed an explosive 
growth of proteomics studies, reaching a staggering number 
of over 11,000 proteomics-related publications in PubMed in 
2019, alone. 

THE PROTEOME IS A COMPLEX AND 
INFORMATION-RICH RESOURCE

The human genome contains about 20,000 protein-coding 
genes. In comparison, the human proteome is much more 
complex and may contain over 6 million proteoforms (i.e., 
individual molecular forms of an expressed protein) [26]. The 
major sources of proteoform diversity include: (a) single-nu-
cleotide polymorphisms and mutations at the DNA level, (b) 
alternative splicing and RNA editing at the RNA level, and 
(c) errors in translation and post-translational modifications 
(PTMs) at the protein level [27]. Among these, the biggest 
contributor of proteoform diversity is PTMs. Currently, over 
200 PTMs, such as phosphorylation, ubiquitination, and gly-
cosylation, have been characterized according to the UniProt 
database (https://www.uniprot.org/help/post-translational_
modification). Of note, PTMs are highly important for the 
regulation of protein function, activity, stability, localization, 
and interaction in both physiological and disease states.

DISCOVERY AND TARGETED PRO-
TEOMICS 

Proteomics can be broadly classified into discovery and 
targeted proteomics, which are highly complementary to 
each other. Discovery proteomics is generally used in hy-
pothesis-free and comprehensive profiling studies to identify 
novel protein complexes as well as differentially expressed, 
modified, and/or localized proteins. It is a powerful tool for 
identifying novel candidate biomarkers and therapeutic 
targets and for providing fresh biological insights. In com-
parison, targeted proteomics is generally used to quantify 
candidate proteins of interest in a much larger cohort of 
samples with higher quantification accuracy and precision. 
Currently, a typical discovery proteomics study quantifies 
thousands of proteins in tens of samples, whereas a typi-
cal targeted proteomics study quantifies tens of proteins in 
hundreds of samples. A summary of the techniques for dis-
covery and targeted proteomics is shown in Table 3.

Discovery proteomics is predominantly conducted using 
mass spectrometry (MS)-based technologies, which allows 
comprehensive analysis of  protein abundance and PTMs 
without the required generation of target-specific antibodies 
[28]. Due to technical challenges, comprehensive analysis of 
intact proteins by MS (i.e., top-down proteomics) is still in its 
infancy. Hence, the vast majority of MS-based discovery pro-
teomics studies are conducted using a bottom-up proteomics 
workflow, where proteins are extracted and digested into 
peptides by a sequence-specific enzyme (e.g., trypsin) prior to 
liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis. The classical and preferred MS method for 
discovery proteomics is data-dependent acquisition (DDA), 
where a full spectrum of the peptides is acquired at the MS1 
level, followed by the collection of as many fragmentation 
spectra at the MS2 level as possible, all of which is done in 

Table 3. A summary of discovery and targeted proteomics technologies

Category Group Quantification technology
Typical protein 

number
Typical sample 

size
Emerging 

technology
Discovery proteomics DDA-MS Label-free (LFQ) 1,000–15,000 10s BoxCar

Metabolic labeling (SILAC)
Chemical labeling (TMT)

DIA-MS Label-free (LFQ) 1,000–5,000 10s–100s
Targeted proteomics MS-based SRM/MRM 10s 10s–100s TOMAHAQ

PRM
MS-independent Antibody-based (RPPA) 100s 100s–1,000s

Aptmer-based (SOMAscan) 1,000s 100s–1,000s

DDA, data-dependent acquisition; MS, mass spectrometry; DIA, data-independent acquisition; LFQ, label-free quantification; SILAC, stable iso-
tope labeling by amino acids in cell culture; TMT, tandem mass tag; SRM, selected reaction monitoring; MRM, multiple reaction monitoring; PRM, 
parallel reaction monitoring; RPPA, reverse-phase protein array.

https://www.uniprot.org/help/post-translational_modification
https://www.uniprot.org/help/post-translational_modification
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a cycle time of about 3 seconds. The newer and growing MS 
method for discovery proteomics is data-independent acqui-
sition (DIA), where a mixture of peptides within a relatively 
wide window (e.g., 25 m/z units at the MS1 level) is selected 
and fragmented, followed by the acquisition of fragments at 
the MS2 level. 

For peptide/protein quantitation, DDA can be coupled 
with different quantification strategies such as label-free 
quantification (LFQ), stable isotope labeling by amino acids 
in cell culture (SILAC), and isobaric tag-based quantifica-
tion, such as tandem mass tag (TMT), and isobaric tag for 
relative and absolute quantitation (iTRAQ) [29]. Of note, 
with the recent release of the TMTproTM 16plex label re-
agents (Thermo Scientific, Waltham, MA, USA), up to 16 
samples can be analyzed in a single analysis, offering high-
throughput analytical capabilities. In comparison, DIA is 
almost exclusively coupled with LFQ, where samples have to 
be analyzed one by one. Nevertheless, for multi-batch sample 
analysis, the TMT method suffers from the “missing value” 
problem, which aggravates with increasing batch numbers. 
In comparison, the DIA method is less prone to the “miss-
ing value” issue and is thus more suitable for larger sample 
sizes. However, DIA suffers from limitations such as the re-
quirement of pre-existing high-quality spectral libraries and 
the complexity of the resulting data [30].

Targeted proteomics can be performed using MS-based 
and MS-independent methods [31]. At present, the most 
widely used MS-based targeted proteomics methods include 
selected reaction monitoring (SRM) [32], also called multiple 
reaction monitoring (MRM), and parallel reaction monitor-
ing (PRM) [33]. The most popular MS-independent targeted 
proteomics methods include antibody-based reverse-phase 
protein array (RPPA) [34] and more recently aptamer-based 
SOMAscan [35].

Both SRM and PRM assays monitor transitions, i.e., 
specific pairs of mass-to-charge (m/z) values associated with 
the peptide precursor and fragment ions, over elution time 
for specific, sensitive and precise quantification of peptides. 
SRM and PRM assays are typically conducted in triple 
quadrupole mass spectrometers (e.g., QTRAP) and high-reso-
lution quadrupole-orbitrap mass spectrometers (e.g., Q Exac-
tive), respectively. The major difference between SRM and 
PRM assays is that the former requires a predefined series 
of transitions, whereas the latter selects the best transitions 
in a post-acquisition step. Generally speaking, SRM offers 
higher sensitivity, whereas PRM provides higher specificity 
and is easier to set up.

The RPPA method was first introduced in 2001 [36] and 
has since become increasingly popular in targeted proteomic 

and phosphoproteomic analysis of small amounts of clini-
cal specimens. RPPA contains hundreds of spots, of which 
each contains only one test sample. As such, each RPPA can 
contain hundreds of different samples in serial dilution. For 
protein quantification, an RPPA is probed with one single 
antibody that can be detected using fluorescent, colorimet-
ric, or chemiluminescent assays. Therefore, the robustness, 
reproducibility, and sensitivity of the RPPA measurements 
are high. RPPA has been used to analyze 166 total proteins 
and 56 phosphoproteins across nearly 8,000 patient samples 
from 31 cancer types [37].

The SOMAScan assay relies on the distinctive protein-
binding properties of  SOMAmer (slow off-rate modified 
aptamer) reagents, which consist of a short single-stranded 
DNA sequence with “protein-like” appendages that allow 
tight and specific binding to its protein target [38]. Recently, 
SOMAScan has been used measure about 5,000 proteins 
across nearly 17,000 participants with multiple different 
health states, demonstrating that protein expression pat-
terns reliably encode for many health issues [35]. 

EMERGING TECHNOLOGIES FOR AD-
VANCED DISCOVERY AND TARGETED 
PROTEOMICS

In the past few years, many exciting proteomics tech-
niques were developed to improve the LC-MS dynamic range 
(e.g., BoxCar), speed of targeted proteomics (e.g., trigger by 
offset, multiplexed, accurate mass, high-resolution, absolute 
quantification, TOMAHAQ), ion resolving capability (e.g., 
ion mobility MS), sensitivity (e.g., single cell proteomics), and 
data analysis (e.g., machine learning for MS identification), 
to name a few [39]. To be more concise, we will only summa-
rize the BoxCar and TOMAHAQ techniques.

1. BoxCar extends the dynamic range by an order 
of magnitude
The abundance of  human proteins spans a large dy-

namic range: about 7 orders of magnitude in cells and up 
to 12 orders of magnitude in plasma [40]. In comparison, the 
typical dynamic range of detection for LC-MS is 4–6 orders 
of magnitude [41]. Therefore, a fast and deep profiling of 
the proteome requires a significant improvement in the dy-
namic range of peptide sampling. Recently, the Mann group 
developed a novel data-acquisition method, termed BoxCar, 
which improves the quality of MS1 signals and the dynamic 
range by an order of magnitude [42]. BoxCar can be coupled 
with both DDA and DIA for improved proteomic profiling. 
However, similar to DIA-MS, BoxCar analysis also requires a 
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pre-existing high-quality spectral library [42].

2. TOMAHAQ increases the speed of targeted pro-
teomics analysis by an order of magnitude
SRM and PRM are predominantly coupled with label-

free analysis and, thus, lack multiplexing capabilities. Re-
cently, a novel targeted proteomics method termed TOMA-
HAQ was developed by the Gygi group [43]. By combining 
sample multiplexing with targeted proteomics, TOMAHAQ 
increases the throughput by an order of magnitude, com-
pared to SRM/PRM. Using TOMAHAQ, the Gygi group was 
able to accurately quantify 131 peptides at the speed of 90 
cell lysate samples per day [43]. Nonetheless, TOMAHAQ 
analysis requires highly expensive tribrid mass spectrom-
eters, limiting its widespread adoption in research and clini-
cal applications.

APPLYING PROTEOMICS TO BC RE-
SEARCH

1. In vitro research 
Based on the hypothesis that urinary biomarkers of BC 

are secreted from tumors, proteomic methods have been 
applied in investigating the secretome of tumor cells. Lin 
et al. [44] investigated the secretome of malignant U1 and 
pre-malignant U4 BC cells. They identified some differ-
ences, including laminin alpha-5 chain, ADP-ribosylation 
factor guanine nucleotide-exchange factor 2, and urokinase-
type plasminogen activator (u-PA). Further studies on u-PA 
found that loss was associated with malignant transforma-
tion. Makridakis et al. [45] compared the secretome from 
T24 and aggressive T24M BC cells. Several proteins were 
identified as being associated with metastatic tumor trans-
formation, including secreted protein acidic and cysteine rich 
(SPARC), tissue-type plasminogen activator (tPA), and clus-
terin. All of them were further validated by western blot 
analysis. Elevated SPARC levels in the urine of BC patients 
was found to be associated with tumor stage [46]. Addition-
ally, the biological relevance of SPARC in BC was suggested 
when blocking SPARC with specific antibodies resulted in 
reduced cell motility in vitro.

2. The clinical setting
Given that patient response rates to the drugs reach only 

25% efficiency in cancer, the demand for developing preci-
sion medicine is increasing [47]. It appears that there is no 
study demonstrating successful application of proteomics or 
other -omics technology in personalized medicine. However, 
as outlined in recently published review articles [48-50], sub-

stantial progress has been made in identifying proteomics-
derived BC biomarkers as well as putative targets for 
therapeutic intervention to support patient management 
(diagnosis, monitoring, stratification, and treatment). Uri-
nary proteome profiling can be used to support diagnosis/
monitoring and stratification of personalized diseases; while 
tissue proteomics can address personalized therapeutic inter-
vention by identifying new therapeutic targets.

3. Diagnosis and monitoring of BC
Up to now, several urinary biomarkers have been de-

scribed, including FDA-approved immunoassays, which 
detect the urinary levels of  BC-associated antigen (BTA 
stat) and nuclear matrix protein 22 (NMP22) with moderate 
performance (NMP22: 68% sensitivity, 79% specificity [51]; 
BTA stat: 61% sensitivity, 78% specificity [52]). In addition, 
several single protein biomarkers have been thoroughly 
investigated, including matrix metalloproteinases (matrix 
metalloproteinase-9 and matrix metalloproteinase-10), an-
giogenic factors (plasminogen activator inhibitor 1, vascular 
endothelial growth factor, and angiogenin), apolipoproteins 
(apolipoprotein A-I, apolipoprotein A-II, and apolipoprotein 
E), interleukin-8, and carbonic anhydrase 9, all of which are 
usually assessed through immunoassays (ELISA) [49].

MRM has been used to validate previously reported bio-
markers, including complement C4 gamma chain, apolipo-
protein A-II precursor, ceruloplasmin, and prothrombin, in a 
set of 76 BC patients and 23 disease-related controls (includ-
ing patients with urinary tract infections and hematuria) 
[53]. Theodorescu et al. [54] found that fibrinopeptide was 
capable of detecting BC in healthy controls. Schiffer et al. [55] 
found that progesterone receptor membrane component 1 
(PGRMC1), collagen type I alpha 1 chain (COL1A1), uromod-
ulin (UMOD), and collagen type III alpha 1 chain (COL3A1) 
were capable of  discriminating between muscle-invasive 
and NMIBC BC. Frantzi et al. [56] found that collagen frag-
ments, hemoglobin subunit alpha (HBA), apolipoprotein A1 
(APOA1), fibrinogen α (FIBA), β-2-microglobulin (B2M), and 
small proline-rich protein 3 (SPRR3), insulin (INS), histidine-
rich glycoprotein (HRG) could detect primary BC. Collagen 
fragments, APOA1, heparan sulfate proteoglycan 2 (HSPG2), 
ADAM metalpeptidase (ADAMTS1) with thrombolytic 
protein type 1 parent 1, ADAM metalpeptidase domain 22 
(ADAM22) was able to detect relapsed BC.

4. Identification of novel drugs/drug targets 
Although there were initially no clear reports of poten-

tial drug targets from proteomic analysis of BC, a study 
by Peng et al. [57] found that phosphoglycerate mutase 1 
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(PGAM1) was significantly upregulated in BC compared to 
adjacent normal tissues. Using shRNA to silence PGAM1 
reduced tumor growth and cell proliferation and increased 
apoptosis in vivo. 

Several recent studies highlight the potential use of 
a tissue proteomics-based approach in identifying novel 
drug targets for BC. Using high-resolution LC-MS/MS, 144 
proteins associated with BC invasion were identified [58], 
including multiple proteins previously associated with BC. 
These proteins include, but are not limited to, some annexins, 
alpha actinins, cathepsin E, hydroxyprostaglandin dehydro-
genase 15-(NAD), thymidine phosphorylase, and others. Im-
portantly, eukaryotic translation initiation factor 3 subunit 
D (EIF3D) was identified as a promising intervention target 
through computer analysis, and its functional correlation 
was investigated using in vitro and in vivo disease models. 
Specifically, it showed that stable knockdown of EIF3D us-
ing lentivirus-mediated RNA interference in a metastatic 
BC cell line (T24M) resulted in decreased cell proliferation, 
migration capacity, and colony formation. Subsequent stud-
ies in xenograft models showed reduced tumor growth. 

Xu et al. [59] performed pull-down assays using recom-
binant progranulin and protein extracts from 5637 BC cells. 
Proteomic analysis showed that the F-actin-binding protein, 
drebrin, was a novel progranulin-binding partner. Interest-
ingly, it has been shown that drebrin depletion in tumori-
genic BC cells inhibits motility, anchorage-independent 
growth, and tumor formation through the threonine kinase 
(AKT) and MAPK signaling pathways. This indicates that 
drebrin plays an important functional role in regulating 
progranulin action and may constitute a novel target for 
therapeutic intervention in BC. Chen et al. [60] particularly 
emphasized the potential significance of  nucleophosmin 
(NPM), which is a protein associated with cell proliferation, 
migration, and anti-apoptotic effects in bladder carcinogen-
esis. NPM was ubiquitously expressed in all uroepithelial 
cell lines examined, suggesting its role in the development 
of human BC. Upregulation of NPM also seemed to be dose 
and time-dependent following treatment. Since soy isofla-
vones are capable of inhibiting NPM expression in vitro, 
soybean-based foods may potentially suppress NPM-related 
tumorigenesis.

Jiang et al. [61] confirmed that peroxiredoxin-I (Prx-I), 
which has rarely been previously linked directly to BC, was 
significantly downregulated following BI-TK/GCV treat-
ment. Silencing of Prx-I significantly inhibited growth, pro-
moted apoptosis, and regulated the cell cycle in T24 BC cells. 
These findings give new insights into the treatment of BC 
and indicate Prx-I as a new therapeutic target. 

Proteome analysis has been used to study the effects 
and molecular mechanisms of novel potential drugs for BC. 
Using the 5637 urinary BC cell line, Li et al. [62] evaluated 
the effect of five heat shock protein 90 (HSP90) inhibitors 
(AUY922, ganetespib, SNX2112, AT13387, and CUDC305) 
in vitro, followed by quantitative proteome analysis at the 
global and histone post-translational modification levels. 
HSP90 inhibitors suppress cell proliferation and growth in 
a dose and time-dependent manner. LC–MS/MS analysis 
identified 518 over two-fold upregulated and 811 more than 
two-fold downregulated proteins, which were commonly de-
regulated upon treatment with AUY922 and ganetespib. 
These include proteins involved in cell cycle regulation 
(several cyclins, cyclin-dependent kinases, cullin-1, and DNA 
replication licensing factor MCM 5 (minichromosome main-
tenance complex component 5), apoptosis (BAX, caspase-14, 
calpalin-7, and apoptosis inducing factor 1), DNA damage 
repair (DNA ligase 3 and DNA repair protein XRCC1 (X-ray 
repair cross complementing 1), as well as the generation of 
reactive oxygen species (glutathione peroxydases, glutathi-
one S-transferases, and superoxide dismutase).

HUMAN SPECIMENS-BASED PRO-
TEOMICS BIOMARKERS

1. Identification of proteomic markers in human 
urine 
In hematuria patients, aurora A kinase (AURKA) can 

distinguish low-grade BC patients from normal healthy sub-
jects [63]. After adjusting for patients, clinical characteristics, 
and treatment with Bacillus Calmette-Guerin, activated 
leukocyte cell adhesion molecule (ALCAM) was positively 
correlated with tumor stage and OS [64]. Nicotinamide N-
methyltransferase was elevated in BC patients and was 
correlated with histological grade [65]. Levels of apurinic/
apyrimidinic endonuclease 1/redox factor-1 (APE/Ref-1) was 
also elevated in BC compared to normal controls and was 
correlated with grade and stage. Additionally, APE/Ref-1 has 
been shown to be significantly increased in patients with 
a history of BC recurrence [66]. The urinary cytokeratin-20 
(CK20) RT-PCR assay showed that the sensitivity of urothe-
lial BC detection was 78% to 87%, the specificity was 56% to 
80%, and the diagnostic accuracy improved with tumor pro-
gression [67]. However, its performance in low-grade tumors 
was relatively poor. Measurements of the urinary levels of 
CK8 and CK18 using the UBC Rapid Test were shown to be 
greater in high-grade BC than in low-grade BC [68].

There are a variety of markers that can potentially be 
used for BC detection. Elevated urinary levels of apolipo-
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proteins A1, A2, B, C2, C3, and E (APOA1, APOA2, APOB, 
APOC2, APOC3, and APOE) were found in BC compared to 
healthy controls [53,69]. A study showed that urinary frag-
ments of uromodulin, collagen α-1 (I), collagen α-1 (III), and 
membrane-associated progesterone receptor component 1 
could distinguish MIBC from NMIBC [55]. Other panels used 
IL-8, MMP-9/10, angiogenin (ANG), APOE, SDC-1, α1AT, PAI-
1, VEGFA, and CA9 to identify BC in urine samples. The 
advantage of these multi-urinary protein biomarkers is evi-
dent in high and low-grade diseases [70]. Some urine mark-
ers, including midkine (MDK), synuclein G, CEA cell adhe-
sion molecule 1 (CEACAM1), zinc-alpha-2-glycoprotein (ZAG2) 
[71], clusterin (CLU), and ANG, showed improved sensitivity 
and specificity in diagnosing NMIBC when used in immu-
noassays and urine cytology [72]. Levels of CK20 and insulin-
like growth factor II (IGF-II) were increased in the urine 
sediments of NMIBC patients compared to controls [73]. In-
creased urinary levels of HAI-1 and epithelial cell adhesion 
molecule (EpCAM) are prognostic biomarkers of high-risk in 
NMIBC patients [74]. Urinary survivin has been shown to 
be a potential biomarker for BC, and was further related to 
tumor stage, lymph node metastasis, and distant metastasis 
[75]. Overexpression of urinary levels of SNAIL were shown 
to be an independent prognostic factor for tumor recurrence 
in NMIBC [76]. Urinary CD44 was elevated in high-grade 
MIBC based on glycan-affinity glycoproteomics nanoplat-
forms [77].

2. Identification of proteomic markers in tissue 
samples 
Several studies have reported that the results of urine 

analysis using proteomics can be further verified at the tis-
sue level. Using two-dimensional electrophoresis (2DE), Peng 
et al. [57] found that PGAM1 was significantly upregulated 
in BC compared to adjacent tissue. In a parallel approach, 
cystatin B was found to be a prognostic biomarker at the 
tissue level; increased expression levels of the protein were 
correlated with stage, grade, recurrence, and progression [78]. 

Barboro et al. [79] studied invasive BC tissue to identify 
prognostic biomarkers. Using 2DE, they found significant 
upregulation of lamin B1 and fibrinogen beta chain and re-
duction of actin, desmin and VIM in MIBC tissue specimens 
compared to normal and non-tumor sections. They also found 
that protein p54 was correlated with vascular invasion and 
survival. Moreira et al. [80] studied the prognostic value of 
BC-associated protein (BLCAP) in 2,108 BC tissue specimens 
from archival datasets. According to the protein expression 
levels and cell localization, cancer cells could be divided into 
4 categories, and decreased staining intensity of BLCAP was 

correlated with tumor grade (p<0.0001) and stage (p<0.0001). 
Orenes-Piñero et al. [81] used protein arrays to identify se-
rum proteins that were associated with BC. Two identified 
candidate biomarkers, dynamin and clusterin, were further 
evaluated using IHC in tissue arrays. Reduced levels of CLU 
was found to be associated with MIBC, while reduced dyna-
min was associated with adverse outcomes. Chung et al. [82] 
identified 12 proteins including cofilin that were differen-
tially expressed in MIBC, compared to NMIBC.

Grau et al. [83] performed comparative proteomics on the 
human T24 BC cell line and its aggressive derivate, T24T. 
They identified cullin-3 (Cul3), a protein involved in ubiqui-
tination, as being overexpressed in T24T cells. Silencing of 
this protein reduced proliferation and migration of T24T. 
Along the same lines, the IHC expression levels of Cul3 in 
tissue microarrays were associated with tumor stage, me-
tastasis, and disease-specific survival. Srinivasan et al. [84] 
used antibody microarrays to identify proteins that were 
differentially expressed between patients with and without 
local recurrence. They identified 255 proteins and found 
that prelamin-A/C (LMNA), transcription factor AP-1 (JUN), 
and nuclease-sensitive element-binding protein 1 (YBOX1) 
were significantly upregulated; whereas L-selectin (LYAM1), 
cyclin-dependent kinase inhibitor 1 (CDN1A), and mothers 
against decapentaplegic homolog 3 (SMAD3) were signifi-
cantly downregulated. Hemdan et al. [85] studied stathmin 
1 in the context of BC and found that increased expression 
in tissue was associated with adverse outcomes. Decreased 
expression of stathmin 1 reduced growth and migration of 
T24 cells. Chen et al. [86] used laser microdissection to com-
pare the proteome of BC and adjacent non-tumorous tissue. 
The levels of 4F2 cell-surface antigen heavy chain (SLC3A2), 
stathmin (STMN1), and transgelin-2 (TAGLN2) were elevat-
ed in cancer cells. STMN1 and TAGLN2 were both found to 
be significantly increased in the urine of BC patients. Wu 
et al. [87] used IHC to identify the association of galectin-1 
overexpression (previously identified by the group) with 
BC pathology and prognosis in a set of 185 primary cases. 
Increased expression of galectin-1 was significantly associ-
ated with tumor grade, vascular invasion, nodal status, and 
significantly predicted disease specific survival.

3. Identification of proteomic markers in blood 
samples 
Compared to urinalysis, there are relatively few studies 

on blood-based BC proteomics. Bansal et al. [88] examined the 
serum of patients with low-grade and high-grade BC and 
healthy controls; they found that there were differences in 
the expression of five proteins, among which S100 calcium 
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binding protein A8 (S100A8) and S100A9 could distinguish 
low-grade and high-grade BC. The authors further confirmed 
the findings in a later study by analyzing serum samples 
from 108 patients with BC (55 before and 53 after surgery) 
and 52 healthy patients. They found that the expression of 
S100A8, S100A9, S100A4 and carbonic anhydrase-1 (CA-1) 
decreased in BC, and the expression of annexin V increased 
significantly after surgery compared to patients before [89].

Lemańska-Perek et al. [90] analyzed BC plasma samples 
and found three groups of proteins with different expression 
levels compared with normal samples. The first group were 
proteins that should not exist in normal plasma, including 
fibrinogen γ, plasma transferrin, and C3b. The second group 
of proteins had high expression in cancer plasma, including 
vitamin D binding protein, α-2-macroglobulin, pigment epi-
thelium derived factor, and binding globin. The third group 
of proteins had low expression in cancer plasma, including 
three molecular forms of immunoglobulin M (IgM).

4. Identification of proteomic markers in saliva 
samples 
Like serum, saliva is a complex mixture of proteins with 

concentrations in excess of  10 orders of  magnitude. The 
process of getting saliva is the least invasive and simplest. 
The saliva proteome is constantly changing from birth to 
adolescence, so age must be considered in the reference data 
[91]. At present, the study of salivary proteomics is mainly 
focused on oral diseases, such as oral cancer. There are also 
several reports about the relationship between salivary 
proteomics and gastric, breast, and lung cancers. However, 
there are no reports on salivary proteomics in BC. Therefore, 
the potential of proteomic BC markers in saliva samples re-
mains to be confirmed.

Proteomics markers identified in different human sam-
ples are summarized in Table 4 [53,55,57,63-90].

DIAGNOSTIC AND PROGNOSTIC VAL-
UES OF PROTEOMIC MARKERS IN BC

Many potential biomarkers from proteomic analysis 
have been reported, suggesting that proteomics can identify 
new biomarkers for diagnosis and prognosis. There are some 
FDA-approved immunoassays for diagnosing BC, including 
BTA stat and NMP22 [52]. Proteomic biomarkers can assist 
in stratifying patient prognoses in BC. There has been initial 
data indicating the substantial value of proteomic biomark-
ers and supporting the idea of using proteomics for patient 
stratification. In a study by Frantzi et al. [56], CE–MS uri-
nary profiling data was able to reflect disease progression in 

MIBC, which was indicated by the gradual changes in the 
abundance of the urinary peptides and cancer progression. 
Preliminary results support the use of urinary peptide pro-
filing as a tool for stratifying non-invasive patients.

In addition, proteomics can evaluate the biological pro-
cess behind BC, determine the molecular subtype of  BC, 
improve our understanding of BC classification and progno-
sis, and improve the diagnosis and treatment of patients. de 
Velasco et al. [92] found two different molecular groups for 
BC using proteomic data; each of which have different func-
tional characteristics and may provide new insight for the 
treatment of BC. In addition, they also defined a six-protein 
signature that can predict the prognosis of patients with 
MIBC and identified a functional node that can provide 
prognostic information, which provides a further means of 
evaluating BC.

CONCLUSIONS

Recent genomic studies to phenotype BC suggest that 
molecular subtypes of BC and their phenotypes can predict 
clinical outcomes to various therapies. However, recent find-
ings also suggest that clinical parameters outperformed 
subtypes for predicting patient outcomes [93], and molecular 
subtype-based diagnostics applied to a population-based mod-
ern cystectomy series were not able to predict cancer-specific 
survival [94]. Thus, it would be worthy to consider the rapid 
advancement of existing and emerging proteomics technolo-
gies to molecular classification based on genomics pheno-
types. 

Proteomics is expected to improve personalized medical 
treatment by better assessing disease risk, more accurately 
monitoring disease, and improving targeted treatment. Al-
though it is still in its infancy, the past few years have wit-
nessed the emergence of single-molecule proteomic technolo-
gies [95,96]. These unbiased protein sequencing approaches, 
with a dynamic range that covers the full range of protein 
concentrations in proteomes, can potentially revolutionize 
the proteomics field. The addition of proteomics profiling-
based biosignatures will provide tremendous benefit to the 
existing molecular phenotyping of BC patients in deciding 
treatment protocols, monitoring responses to therapies and 
recurrence or screening of high-risk individuals. 

For successful clinical application, prospective multi-
center based randomized trials should be considered to 
develop and assess the value of combined genomic and pro-
teomic biomarker tests with the purpose of reducing costly 
cystoscopy checks during surveillance of BC patients. We 
are very optimistic that the utility of proteomic phenotyping 
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Table 4. Proteomics markers in different samples
Sample 
source

Proteomics marker Expression Function Literature

Urine AURKA Distinguish between low-grade BC patients and normal 
patients

de Martino et al. [63]

ALCAM Positively correlate with tumor stage and OS Arnold Egloff et al. [64]
NNMT Increase Correlate with histological grade Pozzi et al. [65]
APE/Ref-1 Increase Correlate with the grade and stage of BC Choi et al. [66]
CK20 Improve diagnostic accuracy in tumor progression Mi et al. [67]
CK8 and CK18 Increase Differentiate between high-level and low-level BC Ecke et al. [68]
APOA1, APOA2, APOB, APOC2, APOC3, 

APOE
Increase BC detection Chen et al. [53,69]

Uromodulin, collagen α-1 (I),  
collagen α-1 (III), mPR

Distinguish MIBC from NMIBC51 Schiffer et al. [55]

IL-8, MMP-9/10, ANG, APOE, SDC-1, 
α1AT, PAI-1, VEGFA, CA9 

BC detection Masuda et al. [70]

MDK, synuclein G, CEACAM1, ZAG2 NMIBC detection Soukup et al. [71]
CLU and ANG NMIBC detection Shabayek et al. [72]
CK20 and IGF-II Increase NMIBC detection Salomo et al. [73]
HAI-1 and EpCAM Increase NMIBC prognosis detection Snell et al. [74]
Survivin Relate to tumor stage, lymph node metastasis, and distant 

metastasis
Yang et al. [75]

Snail Increase Prognostic factor for tumor recurrence in NMIBC Santi et al. [76] 
CD44 Increase High-grade MIBC detection Azevedo et al. [77]
STMN1 and TAGLN2 Increase BC detection Chen et al. [86]

Tissue PGAM1 Increase BC detection Peng et al. [57]
Cystatin B Increase Correlated with stage and grade, recurrence and progres-

sion
Feldman et al. [78]

Lamin B1 and fibrinogen beta chain Increase Identify prognostic Barboro et al. [79]
Actin, desmin and vimentin Decrease Identify prognostic Barboro et al. [79]
p54 Correlate with vascular invasion and survival Barboro et al. [79]
BLCAP Decrease Correlate with tumor grade and stage Moreira et al. [80]
Clusterin Decrease Associate with muscle invasive bladder cancer Orenes-Piñero et al. [81]
Dynamin Decrease Associated with adverse outcomes Orenes-Piñero et al. [81]
Cofilin Increase BC detection Chung et al. [82]
Cul3 Increase Associate with tumor stage, metastasis and  

disease-specific survival
Grau et al. [83]

LMNA, JUN, YBOX1 Decrease Identify local recurrence Srinivasan et al. [84]
Stathmin 1 Increase Associate with adverse outcomes Hemdan et al.  [85]
SLC3A2, STMN1 and TAGLN2 Increase BC detection Chen et al. [86]
Galectin-1 Increase Associate with tumor grade, vascular invasion, nodal sta-

tus, and significantly predicted disease specific survival
Wu et al. [87]

Blood S100A8, S100A9, S100A4, CA-1 and an-
nexin V

Decrease Distinguish low-grade and high-grade bladder cancer from 
healthy people

Bansal et al. [88,89] 

Fibrinogen γ, plasma transferrin and C3b Not exist in 
normal 
plasma

BC detection Lemańska-Perek et al. [90]

DBP, α2M, PEDF and binding globin Increase BC detection Lemańska-Perek et al. [90]
Three molecular forms of IgM Decrease BC detection Lemańska-Perek et al. [90] 

α1AT, alpha-1-antitrypsin; α2M, α2-macroglobulin; ALCAM, activated leukocyte cell adhesion molecule; ANG, angiogenin; APO, apolipoproteins; 
APR/ReF-1, apurinic/apyrimidinic endonuclease 1/redox effector factor-1; AURKA, aurora A kinase; BLCAP, BC-associated protein; CA, carbonic an-
hydrase; CEACAM1, CEA cell adhesion molecule 1; CK, cytokeratin; CLU, clusterin; Cul3, cullin-3; DBP, vitamin D binding protein; EpCAM, epithelial 
cell adhesion molecule; HAI-1, hepatocyte growth factor activator inhibitor type 1; IGF-II, insulin-like growth factor II; IgM, immunoglobulin M; IL, 
interleukin; JUN, transcription factor AP-1; LMNA, prelamin-A/C; MDK, midkine; MMP, matrix metalloproteinases; mPR, membrane progesterone 
receptors; NNMT, nicotinamide N-methyltransferase; PAI-1, plasminogen activator inhibitor-1; PEDF, pigment epithelium-derived factor; PGAM1, 
phosphoglycerate mutase 1; S100A, S100 calcium binding protein A; SDC-1, syndecan 1; SLC3A2, 4F2 cell-surface antigen heavy chain; STMN1, 
stathmin 1; TAGLN2, transgelin-2; VEGFA, vascular endothelial growth factor A; YBOX1, nuclease-sensitive element-binding protein 1; ZAG2, Zinc-
alpha-2-glycoprotein.
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combined with genomic phenotyping will play an increas-
ingly important role in research and clinical management in 
conjunction with standard diagnostic procedures and act as 
an additional supplement to clinical judgment.
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