Heliyon 10 (2024) e32621

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Review article

Urinary exosomes: Potential diagnostic markers and application in
bladder cancer
Ji Liu®™"', Zhang Zhijin "', Wentao Zhang *”', Maskey Niraj*”, Fuhan Yang *”,

Guo Changcheng *”, Liliang Shen ¢, Tianyuan Xu %P Shenghua Liu ¢,
Zhang Junfeng *", Shiyu Mao >

, Wei Li*"™"", Xudong Yao®""

@ Department of Urology, Shanghai Tenth People’s Hospital, School of Medicine, Tongji University, Shanghai, 200072, China

® Urologic Cancer Institute, School of Medicine, Tongji University, Shanghai, 200331, China

¢ Department of Urology, The Affiliated Yinzhou Renmin Hospital of Medical School of Ningbo University, Ningbo, 315040, China
d Shanghai Huashan Hospital, Shanghai, 200433, China

ARTICLE INFO ABSTRACT

Keywords: Background: The exosome is a critical component of the intercellular communication., playing a
Bladder cancer diagnosis vital role in regulating cell function. These small vesicles contain proteins, mRNAs, miRNAs, and
Urine IncRNAs, surrounded by lipid bilayer substances. Most cells in the human body can produce
Efg;?;f:r exosomes, released into various body fluids such as urine, blood, and cerebrospinal fluid. Bladder
Liquid biopsy cancer is the most common tumor in the urinary system, with high recurrence and metastasis

rates. Early diagnosis and treatment are crucial for improving patient outcomes.

Methods: This study employed the PubMed search engine to retrieve publicly accessible data
pertaining to urinary exosomes.

Results: We summarize the origins and intricate biological characteristics of urinary exosomes, the
introduction of research methodologies used in basic experiments to isolate and analyze these
exosomes, the discussion of their applications and progress in the diagnosis and treatment of
bladder cancer, and the exploration of the current limitations associated with using urinary
exosomes as molecular biomarkers for diagnosing bladder cancer.

Conclusion: Exosomes isolated from urine may be used as molecular biomarkers for early detec-
tion of bladder cancer.

1. Introduction

Bladder cancer is the ninth most common cancer worldwide [1]. Surveys indicate that ~75 % of bladder cancers are non-muscle
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invasive, while the remaining 25 % are muscle-invasive. Of high-risk non-muscle invasive cases, ~50 % eventually experience tumor
recurrence [2], and 10-30 % progress to muscle-invasive bladder cancer [3]. Early diagnosis and regular follow-up are crucial for
improving the prognosis of patients with bladder cancer [4-6].

The primary tools for diagnosing and monitoring bladder cancer currently involve invasive methods such as transurethral
cystoscopy and biopsy. Urine exfoliative cytology, a non-invasive test, is specific (86-99 %) but exhibits low sensitivity (48-70 %),
limiting its utility in uroepithelial carcinoma [7]. Consequently, there is a clinical need for more convenient and practical tests for
diagnosing and monitoring bladder cancer.

Extracellular vesicles (EVs) constitute a heterogeneous group of membrane-encapsulated nanovesicles secreted by nearly all
eukaryotic cells [8,9]. Exosomes, a subtype of EVs, were first identified in the supernatant of sheep erythrocytes cultured in vitro in the
1980s [10,11]. The biological role of exosomes was initially reported in 1996 [12]. The process of exosome formation is part of the
endosomal pathway, where the plasma membrane invaginates to create endocytic vesicles. Multiple endocytic vesicles fuse to form
early endosomes, which may mature and either return to the plasma membrane or fuse with lysosomes for degradation. As endosomes
progress from early to late stages, intraluminal vesicles (ILVs) form, resulting in the creation of multivesicular bodies (MVBs). These
MVBs releaseThe internal vesicles, or exosomes, are then released from cells through fusion with the cellular plasma membrane [13].

In the tumor microenvironment (TME), EVs are generated and released by donor cells, such as cancer cells, to influence the
phenotype of nearby and distant recipient cells. Additionally, EVs carry donor cell-specific proteins, lipids, and RNA [14,15].
Recognition and interaction between EVs and recipient cells are mediated by specific surface molecules on EVs or recipient cells,
including acetyl heparan sulfate proteoglycans [16], integrins [17], phosphatidylserine, T-cell immunoglobulins, and proteins with
mucin structural domains [18].

Urinary exosomes primarily originate from the kidney, urinary tract epithelium, and the male genital tract (99.96 %). These
vesicles are primarily composed of cholesterol and sphingolipids, containing intact membrane proteins, especially glycoproteins,
peripheral membrane proteins, cytoplasmic and nuclear proteins, as well as intracellular components such as long non-coding RNAs
(IncRNAs), micro RNAs (miRNAs), messenger RNAs (mRNAs), and metabolites. Recent investigations into the genetic origin of urinary
exosomes at the organ and cellular levels reveal that the bladder, endothelial cells, basal cells, monocytes, and dendritic cells play
integral roles in the formation of these exosomes [19].

Recognized as novel molecular markers, urinary exosomes hold substantial research potential and could play a crucial role in the
early detection of bladder cancer. This paper aims to review the biological properties of urinary exosomes, explore research methods in
basic experiments, and assess their applications and progress in the diagnosis and treatment of bladder cancer. Additionally, it will
discuss the current possibilities and research challenges associated with urinary exosomes as potential tumor markers.

2. Methods

This study utilized the PubMed search engine to retrieve publicly accessible data related to urinary exosomes. The keywords
"exosomes" and "bladder cancer" were employed along with "urinary biomarkers" to gather and synthesize English-language articles
published before March 2023. The present review aims to comprehensively summarize all narrative and systematic reviews published
within the past ten years concerning urinary exosomes in the context of bladder cancer. Additionally, this review endeavors to identify
obstacles encountered by urinary exosomes in the diagnosis and treatment of bladder cancer and explore their potential utility as a
therapeutic modality.

The review excluded letters, editorials, research protocols, case reports, brief letters, and articles published in languages other than
English from the review process.
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Fig. 1. Secretory processes of exosomes.
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3. The concept of exosomes
3.1. Basic characteristics of exosomes

Exosomes, ranging in size from 30 to 150 nm, represent the smallest subtype of EVs (30-1000 nm) secreted by living cells [20].
Classification of EVs, based on size, biogenesis, biological properties, and release mechanisms, reveals three main subgroups:
endosomal-derived exosomes (<200 nm diameter), plasma membrane-derived microvesicles (>200 nm diameter), and apoptotic
vesicles (>500 nm diameter) [20]. Studies on EVs primarily focus on exosomes and microvesicles secreted by living cells, both sharing
overlapping biophysical properties such as size, biomarkers, and content (see Fig. 1) [21].

In this review, emphasis is placed on exosomes and microvesicles when discussing EVs. Tumor-derived EVs, particularly exosomes,
are implicated in various stages of cancer development and treatment resistance, including pre-metastatic niche formation [22],
metastasis [23], and immunosuppression [24]. Notably, numerous studies underscore the significance of exosomes in early tumor
diagnosis, progression, and treatment [25-27]. Urine, as a readily obtainable bodily fluid specimen, has emerged as a novel subject for
investigating exosomes.

3.2. Extraction and identification of exosomes

Significant advancements have been made in methods for exploring urinary exosome biomarkers (Fig. 2). To present a more ac-
curate in vivo representation of exosomes, each acquisition step, including pre-treatment, ultracentrifugation, quantitative composi-
tion, normalization, and data analysis, must be standardized.
3.3. Storage and pretreatment

Recent studies indicate that the recovery of exosomes from frozen samples stored at —80 °C is superior to that from samples stored
at —20 °C. Thawing samples may lead to exosome loss, necessitating extensive vortexing to maximize recovery. Pretreatment with the
detergent CHAPS before isolation aims to minimize the interfering effect of Tamm-Horsfall protein (THP) [28].

3.4. Isolation

Exosomes possess the unique ability to be enriched from biofluids using surface markers, allowing the isolation of subpopulations
with tumor-specific or tumor-rich surface marker proteins [29]. Various methods exist for exosome isolation, such as
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Fig. 2. Sequential steps in the application process for studying urinary exosomes.
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ultracentrifugation, density gradient centrifugation, filtering centrifugation, as well as magnetic beads and immunoaffinity. It is
crucial to note that these techniques are not necessarily interchangeable; each method has its own set of advantages and disadvantages.
Further comparative studies are still required (see Table 1 for a simplified summary).

3.5. Quantification

The prevailing method for exosome quantification currently involves protein blotting with ELISA to determine proteins propor-
tional to the number of exosomes, such as TSG-101. Simultaneously, the direct counting of exosomes using fluoroscopic electron
microscopy is becoming increasingly sophisticated, albeit with a cumbersome yet highly accurate process.

In recent years, direct counting methods have made significant advances, and several techniques have emerged that can sub-
stantially reduce handling time and improve accuracy. Examples include nanosight nanoparticle tracking analysis, tunable resistive
pulse sensing, surface plasmon resonance, etc. We believe that technological innovation will further promote the study of urine
exosomes and be better used in revealing the mechanism of tumor development and helping clinical diagnosis and treatment.

3.6. Biological functions of exosomes in bladder cancer

As increasingly exemplified in research, exosomes play a crucial role in tumorigenesis, tumor growth, and metastasis [30].
Recently, tumor-derived exosomes (TEXs) have been recognized as crucial signaling mediators regulating the TME. They regulate
extracellular communication not only with cancer cells but also with stromal cells [31], altering and reprogramming receptor cells by
interacting with host immune cells [32,33], epithelial cells [34], and tumor cells [35,36] to promote tumor proliferation and
metastasis [30]. Another study showed that moderately malignant pancreatic (PC) cell lines could bind exosomes from highly ma-
lignant PC cell lines and enhance the proliferation of the former. In addition, upregulation of exosomal zinc transport protein 4 may be
associated with enhanced proliferation of PC cancer cells [37]. Tumor-secreted exosomal IncRNA LNMAT2 is involved in lym-
phangiogenesis and lymph node metastasis of bladder cancer in a VEGF-C non-dependent manner [38]. In diagnosing tumors, exo-
somes can serve as prospective biomarkers, with exosomal RNA and proteins being the most studied at the forefront. Tumor-associated
EV proteins can be a reliable biomarker for early cancer detection and cancer-type determination [39].

4. Advantages of urinary exosomes in bladder cancer
4.1. Organizational and structural advantages

Unlike other neoplasms, the bladder functions as a reservoir for urine, allowing for the direct release of exosomes from bladder
cancer cells into the urinary system. Consequently, the presence of exosomes in urine provides a viable approach for directly moni-
toring alterations in bladder cancer cells [40].

4.2. Stable information preservation advantages

Non-invasive tests using soluble biomarkers in biofluids are more readily available but are limited by sample and biological
complexity (e.g., urinary metabolites prone to degradation, etc.) and are usually less informative [41]. In contrast, exosomes are rich in
information due to their encapsulation by a lipid bilayer derived from the plasma membrane. Thus, they provide an opportunity for
preserving tissue information more effectively [42].

4.3. Non-invasive diagnostic advantages

While tissue biopsy remains a common method for cancer diagnosis, the small tissues extracted do not represent tumor hetero-
geneity or monitor dynamic tumor progression. This invasive method may increase the likelihood of metastasis, leading to poor
survival and prognosis [43]. Urine, due to its minimal invasiveness, enables liquid biopsy collection of biological fluid specimens such
as blood and urine, attracting significant attention and creating more opportunities for cancer diagnosis and real-time surveillance
[44].

Therefore, the collection of urine exosomes offers a convenient, secure, and consistent method, providing a more effective avenue

Table 1

Comparison of the advantages and disadvantages of different separation techniques.
Separation technology Advantages Disadvantages
Ultracentrifugation A well-developed and widely used technique Inadequate purity of samples
Density gradient centrifugation High purity of samples High time costs
Filtering centrifugation Simple operation process Inadequate purity of samples
Magnetic beads and immunoaffinity High specificity Low efficiency
Size exclusion chromatography Good uniformity High cost
Size-based microfluidics Precise and efficient Technical complexity
Commercial kits Convenient and fast No uniform standard
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for further exploration of exosomes in the context of bladder cancer.
5. Molecular mechanism and application of urinary exosomes in bladder cancer
5.1. Promoting the development of bladder cancer

Urinary exosomes have been demonstrated to play a crucial role in the development of bladder cancer (Fig. 3). Sun et al. [45]
showed that HOTAIR promotes bladder cancer proliferation, migration, and invasion by downregulating miR-205 levels. Additionally,
Berrondo et al. [46] found that HOTAIR and certain tumor-related IncRNAs were enriched in T2~T4 muscle-infiltrating bladder cancer
in urinary exosomes. Inhibition of HOTAIR in bladder cancer cell lines resulted in reduced migration and invasion in vitro. CARLA et al.
[47] discovered that urinary exosomes from patients with bladder cancer contained epithelial growth factor-like repetitive disc-like
structure I-like domain protein 3, whose levels correlated with tumor grade and promoted endothelial cell angiogenesis and migra-
tion in the bladder cancer TME. Hao et al. conducted a comprehensive analysis of urinary exosome miRNA profiles from patients with
bladder cancer. They determined that compared to healthy controls, miR-93-5p levels were altered, and further investigations revealed
that miR-93-5p promotes bladder tumor proliferation, migration, and invasion [48]. Chen et al. screened circular RNA (circRNA)
expression profiles using a circRNA microarray in paired urothelial carcinoma of the bladder (UCB) and normal tissues. They studied
the clinical significance of an upregulated circRNA, circPRMT5, in a large cohort of patients with UCB. Subsequently, they explored the
functions and underlying mechanisms of circPRMT5 in UCB cell epithelial-mesenchymal transition and found that circPRMT5 was
upregulated in serum and urinary exosomes from these patients, and significantly correlated with tumor metastasis [49].

5.2. Potential biomarkers for the diagnosis of bladder cancer

Urinary exosomes encompass cellular materials of varying sizes, incorporating large molecules like proteins and small molecules
(Table 2), such as mRNA, miRNA, and IncRNA. These constituents hold promise as potential molecular biological markers [50-52]. In
the context of bladder cancer, both tissue and plasma exosomes exhibited a significant reduction in PTEN pseudogene 1 (PTENP1). This
reduction may enhance PTEN levels by serving as a competing endogenous RNA (ceRNA) for miR-17, thereby inhibiting cancer
progression. These findings suggest that exosomal PTENP1 stands as a promising biomarker for the clinical detection and prognostic
assessment of bladder cancer [53].
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Fig. 3. Biological functions of tumor-derived exosomes.
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Table 2
The clinical significance and performance of exosomal cargoes as bladder cancer biomarkers.
Type Urine exosome Function
Affects the biological function of HOTAIR&miR-93-5p Regulation of proliferation, migration and invasion
bladder cancer EDIL-3 Promoted endothelial cell angiogenesis and migration
circPRMT5 Promoted metastasis of urothelial carcinoma
Protein molecular markers PTENP1 promising biomarker for clinical detection
TACSTD2 Promising molecular diagnostic for bladder cancer
TPP1, TMPRSS2, FOLR1, RALB, and RAB35 Protein markers with diagnostic significance
RNA molecular markers HOTAIR, HOXA-AS2 and MALAT1 Low expression between normal and tumor exosomes
LncRNAs- HYMAI, LINC00477, LOC100506688, and High expression between normal and tumor exosomes
OTX2-AS1
ARID1A, PIK3CA, FGFR3, HRAS, KMT2D, RB1, TP53, Urinary exosomes with different effects on postoperative
KDM6A, and STAG2 tumor recurrence

5.3. Protein molecular markers

Chen et al. conducted a study involving comparative and targeted proteomic analyses of urinary microparticles from nine hernia
(control) and patients with bladder cancer. They identified a total of 107 differentially expressed proteins [54]. Precise quantification
of differences in the concentrations of 29 proteins (41 signature peptides) was achieved by LC—MRM/MS in 48 urine samples from
bladder cancer, hernia, and urinary tract infection/hematuria cases. Concentrations of 24 proteins exhibited significant changes (p <
0.05) between bladder cancer (n = 28) and hernia (n = 12), with area-under-the-curve values ranging from 0.702 to 0.896. Finally, the
researchers quantified tumor-associated calcium-signal transducer 2 (TACSTD2) in raw urine specimens (n = 221) using a commercial
ELISA and confirmed its potential value for diagnosing bladder cancer. This study underscores a robust association of TACSTD2 with
bladder cancer and highlights the potential of human urinary microparticles in the non-invasive diagnosis of bladder cancer.

Lin et al. executed a comparative proteomic analysis of urinary exosomes in 10 healthy controls and 10 age-matched patients with
bladder cancer. They compared the EV proteome with the overall urine proteome. Through MS-based label-free proteomics, they
identified a total of 1222 proteins, with 56 proteins exhibiting significantly increased levels in the urinary EV of patients with bladder
cancer [55]. This study suggests that urinary EV holds the potential to serve as a source of enrichment for bladder cancer protein
biomarkers.

6. RNA molecular markers
6.1. mRNA

In a study by Perez [56], microarray technology was employed to analyze urine samples from five patients with bladder cancer and
six patients without cancer before cystoscopy. The results revealed the differential presence of four genes—FOX03, GALNT1, ARH-
GEF39, and LASS2—in urine between patients with and without cancer. Previous research has implicated these genes in tumor pro-
gression and metastasis. Meanwhile, Wen et al. identified and assessed the diagnostic performance of urinary exosomal CA9 mRNA for
bladder cancer by isolating urinary exosome samples from 168 patients with bladder cancer and 90 control subjects.

6.2. LncRNA

Berrondo et al. [46] conducted a study on exosomes extracted from urine collected from eight patients with muscle-invasive
bladder cancer and five healthy controls using qRT-PCR. They identified several IncRNAs with differential expression, including
HOTAIR, HOXA-AS2, MALAT1, and mRNAs such as SOX2. In addition, they examined IncRNAs from 10 bladder cancer samples and 7
normal samples using RNA-seq and qRT-PCR, finding significantly higher levels of IncRNAs—HYMAI, LINC00477, LOC100506688,
and OTX2-AS1—in the exosomes of tumor samples compared to normal samples. These IncRNAs show potential as molecular bio-
logical markers for muscle-infiltrating bladder cancer. However, their validation requires a larger cohort of patients with bladder
cancer and comparison with urinary exosomes from patients with non-muscle-infiltrating bladder cancer.

Furthermore, a diagnostic method based on the detection of a combination of three urinary exosome-derived IncRNAs (SPRY4-IT1,
MALATI, and PCAT-1) was used for bladder cancer diagnosis [38]. This panel exhibited superior performance compared to urine
cytology, with an area under the curve (AUC) value of 0.813 versus 0.619. Additionally, urinary exosomal PCAT-1 emerged as an
independent prognostic factor for assessing recurrence-free survival in non-muscle-invasive bladder cancer [57].

6.3. MicroRNA

Andreu et al. [58] employed qRT-PCR to analyze first-day morning urine samples collected preoperatively from 34 patients with
bladder cancer (18 high-grade and 16 low-grade uroepithelial carcinomas) and 9 healthy volunteers. In patients with high-grade
bladder cancer, only miR-375 showed a significant reduction compared to controls, while miR-146a exhibited significant upregula-
tion in the exosomes of patients with low-grade bladder cancer. Matsuzaki et al. [59] used miRNA microarrays to analyze urine
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samples from six patients with uroepithelial cancer from admission to surgery versus three healthy volunteers. Their findings revealed
that the 36 patients with bladder cancer in urine exosome samples had higher expression of five miRNAs than the 24 controls. Notably,
miR-21-5p emerged as the most effective molecular biological marker for detecting uroepithelial cancer, with an AUC area of 0.900 and
sensitivities and specificities of 75.0 % and 95.8 %, respectively. However, further validation in a larger sample size is required to
confirm these conclusions.

7. Potential therapeutic tool

Apart from their role as potential molecular biological markers, the distinctive biological characteristics of exosomes contribute to
their capacity to target biological information, positioning them as specific carriers for targeted therapy of tumors by homing in on
cancer cells. The advantage of urinary exosomes lies in their easily accessible properties. We believe that in more in-depth studies of
urinary exosomes, it is possible to discover new diagnostic markers and avoid patients undergoing painful biopsy procedures.

7.1. Intervention in the normal function of cancer cells

Exosomes have proven effective as carriers for drug and functional RNA delivery in cancer therapy due to their ability for cellular
uptake and stable transfer of therapeutic miRNAs and proteins. In comparison to liposomal nanomaterials, metallic nanomaterials, and
polymeric nanomaterials, exosomes overcome disadvantages such as poor bioavailability, minimizing non-targeted cytotoxicity, and
reducing immunogenicity [60]. The presence of transmembrane and membrane-anchored proteins in exosomes enhances endocytosis,
facilitating the transfer of their contents. Franzen et al. [61] demonstrated the feasibility of using exosomes as delivery vehicles for
bladder cancer cells through receptor-mediated endocytosis, laying the groundwork for targeted delivery to bladder tumor cells. While
non-targeted delivery has been used in bladder perfusion therapy for bladder cancer, a drawback is the potential adverse effects on
normal epithelial cells surrounding tumor cells. Carrie et al. [62] observed that bladder cancer cells exhibited a significantly higher
uptake of exosomes (>50-fold) compared to normal urothelial cells. Additionally, Malam et al. [63] demonstrated that loading
therapeutic nanoparticles into liposomes encapsulating exosomes increased drug concentration in the target tissue, reducing toxic
effects on normal tissues. Ou et al. found high expression levels of TAMs-derived exosomal miR-193a-5p are directly correlated to
angiogenesis and tumor deterioration [64].

Successful application of this technique in the clinic holds the promise of significant reductions in dose requirements and adverse
side effects for patients.

7.2. Strengthening the autoimmune system as a cancer vaccine

Exosomes as a cancer vaccine has emerged as a hot research topic. Current studies indicate that TEXs fulfil the conditions for
antigen presentation in an acellular vaccine, offering advantages over conventional vaccines, including ease of preservation and a
lower incidence of side effects. Zhang et al. [65] found that exosomes isolated from IL-12-anchored modified kidney cancer cells
exhibited superior antitumor effects in in vitro experiments compared to TEXs and IL-12 alone. While these studies provide a rationale
for using exosomes as cancer vaccines for bladder cancer, a drawback lies in the fact that exosomes derived from tumor cells may
express specific immunosuppressive molecules, such as FasL or TGFf, potentially reducing their immunogenicity and attenuating the
specific immune response. Wang et al. engineered breast cancer-derived exosomes to form an in situ DC vaccine (HELA-Exos), leading
to potent tumor inhibition in a poorly immunogenic triple negative breast cancer (TNBC) mouse xenograft model and patient-derived
tumor organoids [66].

8. Current limitations and perspectives of urinary exosome research

Given its aggressive and fast-growing nature, the early diagnosis of bladder cancer is critical for a patient’s prognosis. Traditional
diagnostic methods, including clinical evaluation, imaging, urinalysis, and cystoscopy, are costly, limiting their widespread use for
bladder cancer screening. Despite efforts to replace these invasive procedures with less costly and invasive diagnostic methods, such as
urine biomarkers, the currently available tests exhibit low sensitivity and specificity, hindering their ability to replace cystoscopy for
diagnosis. Urine exosomes, with their stability in information preservation and consistent sample characteristics, hold promise as
potential liquid biopsies for bladder cancer.

However, urinary exosomes, despite being a focal point in current research, are still in their early stages as molecular biology
markers and face several challenges before clinical utilization. The standardization of urinary exosome concentrations remains un-
resolved, introducing variations that complicate sample comparisons, even from the same patient at different times. Methods for
directly measuring exosome counts are not widely available, necessitating improvements in isolation and extraction techniques.
Additionally, molecular biology markers need to strike a balance between specificity and convenience. While exosomes offer higher
specificity than other soluble molecules like proteins and RNAs, improvements in isolation methods are required for wider accessibility
and clinical use in basic and clinical research.

In conclusion, urinary exosomes possess significant research value as cutting-edge molecular biology markers. With a substantial
body of basic and clinical studies, there is potential for their gradual clinical application in the field of urological tumors. This holds the
promise of introducing safer, more convenient, and more accurate diagnostic measures, contributing to advancements in the diagnosis
and monitoring of bladder cancer.
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