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Bladder cancer is the most common tumor in the urinary system, with approximately 420,000 new cases and 160,000 deaths per year. The European Organization for Research and Treatment of Cancer (EOTRC) classifies non-muscular invasive bladder cancer (NMIBC) into low-risk, medium-risk and high-risk groups based on a comprehensive analysis of NMIBC pathological parameters and the risk of recurrence and progression to muscular invasive bladder cancer (MIBC). Traditional classification systems are based on pathologic grading, staging systems, and clinical prognosis. However, the pathological parameters of the tumor cannot fully reflect the “intrinsic characteristics” of bladder cancer, and tumors with a similar pathology exhibit different biological behaviors. Furthermore, although the traditional classification system cannot accurately predict the risk of recurrence or the progression of bladder cancer patients (BCs) individually, this method is widely used in clinical practice because of its convenient operation. With the development of sequencing and other technologies, the genetics-based molecular subtyping of bladder cancer has become increasingly studied. Compared with the traditional classification system, it provides more abundant tumor biological information and is expected to assist or even replace the traditional typing system in the future.
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INTRODUCTION

Bladder cancer (BC) is the most common urinary tract tumor, with approximately 420,000 new cases and 160,000 deaths per year, and the incidence ratio of men:women ranges from 6:1 to 2:1 (1, 2). There are many risk factors for bladder cancer, including occupational and environmental factors [metal processing, dyes, rubber, plastics and exposure to other aromatic compounds (3)], living environment factors (arsenic in water, chlorine disinfectants, and nitrate) (2, 3), personal/dietary factors [coffee, smoking (4)], infection of pathogenic microorganisms (schistosomiasis and urinary tract bacteria) (2, 5), drugs (pioglitazone was recently shown to not be significantly associated with the risk of bladder cancer), patient age, gender, race, and socioeconomic status (2).

Bladder cancer is divided into non-muscular invasive bladder cancer (NMIBC) and muscular invasive bladder cancer (MIBC) according to the European Association of Urology (EAU) guidelines. Bladder cancer can also be divided into several types—urothelial carcinoma, squamous epithelial carcinoma, and adenocarcinoma—among which over 90% are urothelial carcinomas (6). In 2006, Sylvester et al. comprehensively analyzed the pathological parameters and risk of recurrence and progression of 2,596 NMIBC patients (NMIBCs) with Ta and T1 stage bladder cancer (7). The risk of recurrence and progression can be directly calculated and predicted by the pathological parameters in the corresponding software system (https://www.eortc.be/tools/bladdercalculator/). The European Organization for Research and Treatment of Cancer (EORTC) prediction system is mainly based on the following pathological parameters: previous recurrence rate (primary, recurrence ≤ 1 per year, recurrence > 1 per year), number (1, 2–7, 8 or more), diameter (<3 cm, ≥3 cm), T stage (Ta, T1), grading (WHO 1973) (grade 1, 2, 3), and whether or not it is combined with carcinoma in situ (CIS). According to the differences among these pathological parameters, recurrence and progression, EAU guidelines further classify NMIBC into low-risk, medium-risk and high-risk groups (6). Due to the classification system, pathological information is easy to obtain, the system is simple to operate, and the prediction is relatively accurate; therefore, it is widely used in the clinic.



TRADITIONAL CLASSIFICATION AND MOLECULAR SUBTYPING SYSTEMS

The traditional classification system for bladder cancer is mainly based on pathological parameters (8, 9). Under similar pathological staging and grading, the recurrence and progression of bladder cancer vary greatly among different individuals and directly affect the optimal monitoring and treatment schedules (10, 11). For example, according to the EORTC software system calculation (https://www.eortc.be/tools/bladdercalculator/), primary Ta grade 3 bladder cancer is a high-risk bladder cancer, with a 5 years recurrence rate of 46% and a 5 years progression risk of 6%, which indicates that 94% of patients will not progress to MIBC within 5 years. Thus, the following question arises: why are all patients monitored and treated with the same program? Despite their similar pathological parameters, the biological behaviors of tumors are quite different. Some patients were pathologically classified as low-risk, but the actual tumor showed highly invasive biological characteristics and early metastasis, leading to the following question: can conventional conservative treatment be administered to all low-risk patients? Some high-risk patients do not respond to BCG, while others are sensitive to BCG (Bacillus Calmette-Guerin) (12, 13). However, the traditional classification system cannot predict this response. Therefore, it is difficult for doctors to choose schedules for BCG perfusion, radical cystectomy or another treatment according to the traditional prediction system. Some tumors are less likely to metastasize and need only local resection, while other tumors are highly invasive and need radical cystectomy and/or another treatment. Unfortunately, there is still no effective means to distinguish the two. Moreover, the traditional classification system can only predict the risk of recurrence and progression of NMIBC but not the risk of MIBC. After radical cystectomy, some muscle invasive bladder cancer patients (MIBCs) benefit from neoadjuvant chemotherapy (NAC), while others do not (14–16), which cannot be predicted by the traditional classification system. The pathological parameters of the tumor cannot fully reflect the “intrinsic characteristics” of bladder cancer. Therefore, it is difficult for doctors to provide individual and precise supervision and treatment for bladder cancer.

With the rapid development of sequencing, mass spectrometry and other techniques, studies based on genomics and transcriptome (17), epigenetics (18), proteomics (19) and other omics (20–22) will provide a new direction for the accurate diagnosis and treatment of bladder cancer. A good classification system should meet the following criteria: I. It should provide an accurate prediction for the risk of recurrence and progression of bladder cancer and help develop individualized monitoring, conservative treatment, surgical schemes, adjuvant therapies and follow-up schedules. II. It should be able to accurately identify individuals with tolerance to chemotherapy, targeted therapy, immunotherapy and help develop individualized adjuvant treatment plans. III. It should provide not only important information for predicting the recurrence and prognosis of bladder cancer but also effective molecular information for the study of molecular mechanisms, such as tumor development, progression, chemotherapy and immunotherapy tolerance. IV. It should also aid in the development of personalized new molecular diagnoses and treatments. In particular, the study of molecular subtyping based on genetics has made rapid progress in the study of bladder cancer and has attracted increasing attention (23–25). The development of molecular subtyping based on genomics and transcriptomes, etc., provides a new way to understand bladder cancer.

Molecular subtyping was not first applied in the study of bladder cancer; initially, molecular subtyping was widely conducted in acute leukemia (26), breast cancer (27), colorectal cancer (28), hepatocellular and intrahepatic cholangiocarcinoma (29), and gastric cancer (30). The basic method of molecular subtyping is to detect gene expression in tumor tissues by sequencing, microarray and other technologies and then perform a cluster analysis of the different genes based on the gene expression level and genes involved in the biological process. Eventually, BCs are divided into several subtypes, and different molecular subtypes reflect different intrinsic and clinical characteristics of the tumors. For example, patients with basal-like or HER-2-enriched breast tumors have a poor clinical prognosis (31). Although patients with basal-like or HER-2-enriched breast cancer have a poor clinical prognosis, they are sensitive to neoadjuvant chemotherapy (NAC), which can benefit patients with this subtype (31). For the two major types of bladder cancer, NMIBC and MIBC, the molecular subtyping of bladder cancer can be divided into early BC subtyping, NMIBC subtyping, MIBC subtyping, etc. (Table 1; Figure 1).


Table 1. Major molecular subtyping systems.
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FIGURE 1. BC molecular subtyping systems. BC, bladder cancer; NMIBC, non-muscular invasive bladder cancer; MIBC muscular invasive bladder cancer.




EARLY MOLECULAR SUBTYPING OF BC


Lund 2012 Five Subtyping System

The earliest representative study on the molecular subtyping of bladder cancer was conducted by Sjodahl et al. at the University of Lund in 2012 (Lund 2012) (32). In this study, the transcriptome data of 308 bladder cancer samples were collected to analyze the expression levels of 13,953 genes, the biological processes involved in these genes (including immunological characteristics, cell cycle, cytokeratins/uroplakins, FGFR3 characteristics, etc.), and mutations in the FGFR3, PIK3CA, and TP53 genes. BC was divided into five subtypes: urobasal A, genomically unstable, urobasal B, squamous cell carcinoma like (SSC-like), and infiltrated (Table 1). The urobasal A subtype exhibits an elevated expression of genes related to the early cell cycle, uroplakins, the FGFR3 signature, cell adhesion and other biological processes, while the genomically unstable subtype is characterized by immune characteristics and an elevated expression of genes related to the late cell cycle. The urobasal B, SSC-like, and infiltrated subtypes all highly expressed immunological signature genes, whereas the urobasal B and SSC-like subtypes highly expressed genes involved in the late cell cycle and cell adhesion (Figure 2).


[image: Figure 2]
FIGURE 2. Heatmap of mRNA-seq data from the Lun 2012 molecular subtyping system. BCs are divided into five subtypes according to their genetic expression profiles (32). Red, high expression; green, low expression; black; mutation; white, wild-type; gray, no mutation data. SSC, squamous cell carcinoma; FGFR3, fibroblast growth factor receptor 3.


An analysis of the prognoses associated with the five subtypes revealed that the prognoses of the five subtypes were significantly different. The urobasal A and infiltrated subtypes have a relatively better prognosis, while the SSC-like and urobasal B subtypes have the worst prognosis. By subtyping the tumors classified as grade 3, it was found that urobasal A has the best prognosis, while urobasal B has the worst prognosis, suggesting that even in the same pathological classification, clinical characteristics differ from their intrinsic molecular subtypes. The authors further explored the relationship between molecular subtypes and histopathologic classification and found that tumors in the Ta stage are mainly composed of the urobasal A subtype. In the T1 stage, tumors are mainly composed of urobasal A and genomically unstable subtypes. All subtypes of MIBC account for a certain proportion. Urobasal A is the main tumor subtype in G1 and G2 BC. G3 is similar to MIBC in that all subtypes account for a certain proportion. The above results indicate that there is a certain consistency between the molecular subtypes and pathological classification. In tumors with good stages and grades, the urobasal A subtype is the main component, while in those with a poor clinical prognosis, the proportion of the urobasal A subtype decreases significantly, and all subtypes account for a certain proportion.




MOLECULAR SUBTYPING OF NMIBC

Compared with the number of MIBC molecular subtyping studies, the number of NMIBC molecular subtyping studies is low, which may be because partial bladder cancer specimens are not easy to obtain, especially Ta BC, with single and small-sized tumors. Therefore, there may be some missing data, resulting in publication bias. Representative studies include UROMOL 2016 subtyping (33) and Van Kessel 2018 high-risk NMIBC subtyping (34). Thus, far, these two studies have the largest number of experimental cases in NMIBC molecular subtyping studies.


UROMOL 2016 Three Subtyping System

Hedegaard et al. (33) performed a transcriptome sequencing analysis of 476 samples (460 NMIBC, 16 MIBC) from multiple centers. Based on the expression levels of 8,074 genes and biological processes involved in the early cell cycle, the late cell cycle, keratins, uroplakins, epithelial-mesenchymal transformation, differentiation-related genes, etc., NMIBC patients can be classified into three categories according to the results of the cluster analysis: Class 1, Class 3, and Class 2. The Class 1 subtype highly expresses early cell cycle-related genes, and the clinical prognosis is the best. The late cell cycle-related genes of the Class 2 subtype are highly expressed, and the clinical prognosis is poor. The Class 1 and Class 2 subtypes both highly expressed uroplakins, while Class 3 shows undifferentiation. In addition, by analyzing the genes of bladder cancer stem cell markers, it was found that Class 3 is enriched in stem cells and the basal cell marker CD44 gene. Compared with Class 1 and Class 3, Class 2 is enriched in EMT (epithelial-mesenchymal transition)-related genes.

The team used 117 major genes from the subtype analysis to classify 130 BCs (85 Ta, 37 T1, 8 MIBC) and eight normal samples and analyzed the relationship between the molecular subtyping system and pathological classification. High-risk bladder cancer with a high stage and a high grade mainly consists of Class 2 and 3 subtypes. The main components of normal or Ta BC are Class 1, and the Class 2 subtype is most likely to progress to MIBC. Subsequently, these 117 genes were used to classify the data of 306 NMIBCs in the Lund 2012 study. It was found that 306 NMIBCs are mainly composed of Classes 1 and 2, and only 5% are composed of Class 3. The team also analyzed 408 MIBCs in the TCGA (The Cancer Genome Atlas) database, and the Class 3 subtype was not found. The above results suggest that the Class 3 subtype mainly exists in the NMIBC group, which is less than that of Class 1 and Class 2, and has a poor clinical prognosis. Class 1 is similar to the urobasal A subtype in the Lund 2012 system and the papillary subtype in the MIBC TCGA 2014 system (Figure 3).
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FIGURE 3. The correlation among UROMOL 2016 and other molecular subtyping systems (33). (A) The UROMOL 2016 subytping system analyzed the microarray data from 306 tumors from the Lund group based on 95 of 117 classifier genes (33). The Class 1 subtype is highly similar to the urobasal A subtype, and Class 1 subtypes mainly consist of low-risk NMIBC, while high-risk NMIBC tends to be concentrated in the Class 3 and Class 2 subtypes. (B) UROMOL 2016 was used to subtype the TCGA database (33). Heatmap of mRNA-seq data from 408 MIBC samples from TCGA based on 107 of the 117 classifier genes. Class 1 and Class 2 tumors are highlighted based on expression profile similarities to original classes. Class 2*: tumors with high similarity to Class 2 but with differences in EMT and CSC marker expression (33). Yellow, high expression; blue, low expression. SSC, squamous cell carcinoma; EMT, endothelial-mesenchymal transformation; CSC: cancer stem cell.


The team further analyzed the genomic mutations and found that the median number of single nucleotide polymorphisms (SNPs) per patient was 218 (ranging from 1 to 863). The most common mutations were PIK3CA (n = 108) and FGFR3 (n = 279). The mutated genes are mainly related to cell structure, cytoskeletal function, chromatin organization and chromatin remodeling. Chromatin remodeling gene mutations were found in 86% of the samples, mainly in the Class 2 subtype, and were concentrated in DNA damage repair, MAPK/ERK, and ERBB family genes. APOBEC family gene mutations were found in all tumor subtypes.

In conclusion, the Class 1 subtype in NMIBC mainly includes tumors with a low grade, a low stage, and a good clinical prognosis. However, Class 3 mainly includes NMIBC in a low proportion and is enriched in stem cell and basal cell markers, similar to the phenotype of CIS (carcinoma in situ). Moreover, Class 2 is mainly a highly malignant tumor enriched in uroplakins with a poor clinical prognosis, and the mutated genes are mainly involved in chromatin remodeling.



High-Risk NMIBC Subtyping

Van Kessel et al. (34) found that the methylation status of GATA2, TBX2, TBX3, and ZIC4 and mutations in FGFR3, TERT, PIK3CA, and RAS are correlated with the progression of NMIBC (41, 42). Then, the research team detected and analyzed frozen tumor tissues of 1,239 patients with NMIBC from 6 European countries (276 patients were classified as low-risk, 273 as medium-risk and 555 as high-risk according to the EAU guidelines); ultimately, the high-risk NMIBCs were divided into three subtypes.

A total of 57 NMIBCs (4.6%) progressed to MIBCs, with a median follow-up time of 27 months (0–81 months) and a PIR (rate of progression per 100 patients-year) of high-risk NMIBCs = 4.25. Wild-type FGFR3 and GATA2 and TBX3 methylation were significantly correlated with NMIBC progression (HR 0.34, 2.53, and 2.64, respectively). The high-risk NMIBC group was reclassified as a good class (PIR = 0.86, 26.2%), a moderate class (PIR = 4.32, 49.7%), and a poor class (PIR = 7.66, 24.0%) according to FGFR3 mutations and the GATA2 methylation status. The classification method was validated and analyzed with another 362 patients who were classified as high-risk NMIBCs according to the EUA guidelines. A total of 30 NMIBCs developed to MIBCs, with a progression rate of 8.3%. All NMIBCs were divided into the good class (95), moderate class (180), or poor class (87). Moreover, 2 of 95 patients in the good class (2.1%), 15 of 180 patients in the moderate class (8.3%), and 13 of 87 patients in the poor class (14.9%) progressed to MIBC. Therefore, this subtyping method combined with the EUA guideline pathological classification system can further classify high-risk NMIBCs into three subtypes with a low, medium and high risk of progression and different clinical prognoses. Therefore, the traditional pathological classification system combined with molecular subtyping greatly improves the prediction ability of the traditional classification system and guides the selection of clinical supervision and treatment schemes.




MOLECULAR SUBTYPING OF MIBC

There are an increasing number of molecular subtyping systems on MIBCs, including the UNC (University of North Carolina) two subtyping system, the MDA (MD Anderson) three subtyping system and the TCGA subtyping system. The TCGA database contains a series of genomic, transcriptomic and other data on tumor samples from MIBCs. As the number of patients increased, the subtyping methods developed rapidly, from the original four-subtype system (129 MIBCs) in 2014 to the five-classification system (412 MIBCs) in 2017. Combined with the characteristics of each subtype and its clinical information, the comprehensive analysis provides important information for the diagnosis, treatment and prognosis of bladder cancer.


UNC Two Subtyping System

Damrauer et al. (31) analyzed 262 high-grade MIBCs by extracting data from four published studies. According to the expression levels related to the differentiation of the urinary epithelium (such as keratin and CD44), MIBCs are divided into two subtypes. As these two molecular subtypes are similar to the expression profiles of the luminal and basal subtypes of breast cancer, they are named luminal-like and basal-like subtypes, respectively, and the basal-like subtype also contains a “claudin-low” subtype.

The disease-specific and overall survival rates of the luminal-like subtype are significantly higher than those of the basal-like subtype (P-values are 0.019 and 0.008, respectively). The genome of this subtype is enriched in FGFR3 (fibroblast growth factor receptor 3) and TSC1 (tubercular sclerosis 1) mutations, as well as changes in the RB1 pathway, including RB1 deletion mutations and the amplification of CCND1 (cyclin D1), E2F3 (E2F transcription factor 3), and CCNE1 (cyclin E1). The basal-like and luminal-like subtypes have similar characteristics to breast cancer, and subtypes of breast cancer with claudin-low characteristics can also be found in MIBCs. Moreover, the claudin-low subtype belongs to the basal-like subtype, but there is no significant difference in the disease-specific survival rate or overall survival rate between the two. The claudin-low subtype expresses low levels of claudin-binding protein and high levels of EMT and stem-like marker genes.



MDA Three Subtyping System

In 2014, a research team from the MD Anderson Cancer Center analyzed the mRNA of 73 MIBC patients' tumors. Their molecular profiles are similar to those of breast cancer and were subtyped as the luminal, p53-like and basal subtypes (35). The luminal subtype is enriched with epithelial markers, activated PPAR-γ, estrogen receptor, FGFR3 mutations, and high FGFR3 expression, suggesting possible sensitivity to FGFR blockers. The mRNA profiles of the p53-like and luminal subtypes are similar, but the wild-type p53 gene is significantly activated in the p53-like subtype; therefore, these MIBCs are classified into the p53-like subtype (the TP53 mutation frequency is similar in all subtypes). The p53-like subtype is resistant to neoadjuvant chemotherapy drugs, and all drug-resistant MIBCs become the p53-like subtype after chemotherapy, suggesting that the p53 gene may play an important role in chemotherapy. Basal MIBCs highly express squamous cell differentiation markers and p63 and are more invasive and associated with a poor prognosis compared with other subtypes.

Furthermore, the team aimed to determine the relationship among these molecular subtyping systems and others. The Lund 2012 “urobasal A” subtype can be divided into the MDA “luminal” subtype. The Lund 2012 “infiltrated” and MDA “p53-like” subtypes are enriched in extracellular matrix markers. The basal/SCC-like subtype in Lund 2012 and the MDA basal subtype are both enriched in squamous cell differentiation markers. The luminal, p53-like and basal subtypes exist not only in MIBC but also in NMIBC. The luminal subtype is enriched in epithelial markers, showing activated PPAR-γ and FGFR3 mutations, and has a good clinical prognosis. The p53-like subtype belongs to the luminal subtype, but its wild-type p53 gene is significantly activated and tolerant to chemotherapy. The basal subtype is enriched in squamous cell differentiation markers and activated p63 and is more invasive and has a poor clinical prognosis.



TCGA Subtyping System

The Cancer Genome Atlas (TCGA) project was sponsored by The National Cancer Institute and The National Human Genome Institute (USA) to study information related to the human cancer genome. With the increasing number of patients and the development of various detection technologies, biological databases have become increasingly abundant. Therefore, various molecular subtyping systems are being constantly updated and improved. In 2014, the genetic data of 129 MIBCs were analyzed, and it was found that the signature of the molecular subtypes is similar to that of breast cancer, but the name is conservative, and these subtypes were named Cluster I, Cluster II, Cluster III, and Cluster IV (36). Subsequently, TCGA was updated to include 208 MIBCs, which were subtyped into the luminal, immune undifferentiated, luminal immune, and basal subtypes based on their genetic expression signature, which included uroplakins and immune infiltration (43). When the number of MIBCs reaches 412, they can be classified into five subtypes—luminal, luminal-infiltrated, basal-squamous, neural, and luminal-papillary—based on their genetic signature (37).

The TCGA 2014 (36) subtyped MIBCs into Cluster I, II, III, and IV subtypes. Cluster I MIBCs mainly include papilloma pathological phenotypes enriched in FGFR3 gene mutations; Clusters I and II highly express GATA3, FOXA1, UPK3A and luminal and uroplakin genes and are enriched in RBB2 mutations and estrogen receptor beta (ESR2). Cluster III highly expresses epithelial and precursor or progenitor cells and keratin, and some include squamous cell pathological phenotypes. The most frequent mutations in the MIBC genome are TP53 (49%), FGFR3 (12%), ERCC2 (12%), RB1 (13%), CDKN1A (14%), EP300 (15%), and PIK3CA (20%). The most frequent deletions or amplifications in the genome are CDKN2A (47%), NCOR1 (25%), YWHAZ (22%), and E2F3/SOX4 (20%). Changes in genes or mRNAs involved in the PI3K/mTOR and FGFR3/RTK/RAS signaling pathways may represent potential targets for targeted therapy.

TCGA 2017 (37) then classified 412 MIBCs into five different subtypes: luminal, luminal-infiltrated, basal-squamous, neural, and luminal-papillary. The luminal, luminal-infiltrated, and luminal-papillary subtypes highly express luminal marker genes (KTT20, GATA3, UPK1A, UPK2, FGFR3, etc.), and the luminal-infiltrated subtype highly expresses ECM (extracellular matrix) and smooth muscle genes. The luminal-papillary subtype is mainly a papillary pathological phenotype. Basal marker genes (KRT5, KRT6A, CD44, etc.), squamous epithelium-like genes (GSDMC, TGM1, etc.), and immune marker genes (CXCL11, L1CAM, etc.) are highly expressed in basal squamous cells. The neural subtype highly expresses neural differentiation genes.




BC MOLECULAR SUBTYPING SYSTEM


BOLD 2018 Six Subtyping System

Robertson et al. (38) analyzed the published data of 2411 BCs from TCGA, UROMOL, and IMvigor 210 publication studies, and BCs were reclassified into six subtypes: neural-like (neural 22.7%), luminal-like (LUM 22.7%), papillary-like (PAP 22.7%), HER2-like (HER2L 22.7%), squamous cell carcinoma-like (SCC) (22.7%) and mesenchymal-like (MES 22.7%). Survival analysis was performed on 541 patients with BC. The median overall survival time of the neural, luminal, SCC-like, and mesenchymal subtypes was 87, 91, 107, 20, and 86 months, respectively (the data of the papillary subtype were not available) and that of the six subtypes of 280 MIBCs was 43, 16, 23, 102, 16, and 79 months, respectively. The genes involved in these subtypes are different from those involved in basal, ECM, luminal/uroplakins, immune/infiltration, proliferation, neural differentiation, squamous cell differentiation and other biological processes.

The correlation between BOLD 2018 and the traditional pathological classification showed that the LUM and PAP subtypes are dominant in NMIBCs, while the neural, MES and SCC subtypes are dominant in MIBCs. The proportion of the HER2L subtype in NMIBCs and MIBCs is relatively even. Ta is mainly composed of PAP, while T1 BCs are mainly composed of the LUM and HER2L subtypes, and only a few NMIBCs (20%) are of the neural, MES and SCC subtypes. The HER2L, MES and SCC subtypes are enriched in advanced and high-grade tumors, which are prone to lymph node metastasis and have a poor clinical prognosis.

Moreover, the LUM and HER2L subtypes of NMIBCs have progressive characteristics, while the neural, SCC and MES subtypes of MIBC have progressive characteristics. PAP NMIBCs have a better prognosis and therefore require less supervision. However, the HER2L, LUM, MES and SCC subtypes have a higher risk of progression and therefore require frequent monitoring and aggressive treatment. The tolerance of the MES subtype to chemotherapy is similar to that of the claudin-low subtype. High PD1 and CTLA4 expression signals in the neural, MES and SCC subtypes may be a potential therapeutic target for immune checkpoints.



Intratumoral Heterogeneity in BC

Molecular subtyping plays an important role in predicting the prognosis and treatment response of bladder cancer patients. However, current subtyping studies are mainly based on detecting the DNA or RNA of tumor tissues or cells. However, traditional sequencing technology is based on whole tumor tissue rather than a single cell; therefore, intratumoral heterogeneity may be an important factor affecting the accuracy of molecular subtyping. Warrick et al. (44) conducted a pathological examination on 309 bladder cancer markers and found that 83 of them exhibited intratumoral variation in BC tumor tissues. Then, these 83 specimens were subtyped with the Lund subtyping system, and 39% exhibited molecular heterogeneity. Eventually, these 83 samples were divided into urothelial-like, genomically unstable, basal-squamous, mesenchymal-like, and neuroendocrine-like subtypes. The basal-squamous subtype shows the greatest variability; approximately 78% of these tumors simultaneously exhibit the genomically unstable or urothelial-like subtype. Heterogeneity in bladder cancer is common, which leads to variation in molecular subtypes and affects the prognosis and treatment response of patients and therefore should be a focus of attention.




MOLECULAR SUBTYPING BASED ON ADJUVANT CHEMOTHERAPY


Molecular Subtyping Used to Predict the Response and Prognosis to Neoadjuvant Chemotherapy (NAC)

Seiler et al. (39) used molecular subtyping to predict the response and prognosis to NAC. A total of 343 MIBCs were analyzed by transcriptome sequencing before NAC, and the GSC [single-sample genomic subtyping classifier (GSC)] was developed by comprehensively analyzing the outcomes of NAC BCs in previously published molecular subtyping studies (UNC, MDA, TCGA, Lund, etc.) Then, the MIBCs were divided into four subtypes: claudin-low, basal, luminal, and luminal. Basal tumors were divided into basal and claudin-low subtypes based on the expression of EMT and immune infiltration genes. A comparative analysis of 223 published non-NAC MIBCs' overall survival (OS) found that the predicted accuracy of GSC was 83%. In another 82 validated MIBCs, the accuracy of GSC was 73%, which was significantly higher than that of other major published molecular subtyping systems (37%).

The 3 years overall survival (OS) rate of the GSC basal subtype in the non-NAC group was 49.2% (95% CI 39.5–61.2%; P < 0.001) vs. 77.8% (95% CI 67.2–90.0%) in the NAC group; P < 0.001). In the non-NAC group, patients with the GSC basal subtype had a risk ratio of 2.22 relative to those with the GSC luminal subtype. The basal and luminal subtypes of GSC in the NAC group were not significantly different. These results indicate that EMT and immune infiltration play an important role in the response to adjuvant chemotherapy and patient prognosis and that patients with the GSC basal subtype benefit from neoadjuvant chemotherapy.



Adjuvant Chemotherapy Affects Molecular Subtyping

NAC affects the biological signature of a tumor, and the traditional molecular subtyping system is inconsistent before and after NAC treatment. Seiler's research team (40) examined the genes in 133 pre- and post-NAC MIBCs, 116 of which were pre-NAC and post-NAC paired samples. By analyzing the genetic expression signature, cisplatin-resistant bladder cancer patients were divided into four major subtypes: CC1-basal, CC2-luminal, CC3-immune, and CC4-scar-like. NAC does not affect the phenotype of the CC1-basal and CC2-luminal subtypes, which are manifested as a basal and a luminal phenotype pre-NAC, respectively. Basal and luminal markers are lost in the CC3-immune subtype, which is characterized by the highest immune activity after NAC. After NAC, the CC4-scar-like subtype highly expresses wound healing/Scar-related genes, and its prognosis is the best.

Liu et al. (45) conducted full exon sequencing analysis of MIBCs pre- and post-NAC and found that chemotherapy did not increase the overall mutation load of the tumors but increased the mutations of some subclonal tumors. After chemotherapy, these subclonal MIBCs are associated with poor OS, and the genes involved in the cell cycle and immune checkpoint regulation are significantly altered. Cisplatin-based chemotherapy affects the genetic signature of bladder cancer; therefore, studying the altered genes before and after chemotherapy and the effects of these changes may provide important information for the study of chemotherapy resistance mechanisms.




DISCUSSION

The traditional classification system is based on a comprehensive analysis of the pathological characteristics, recurrence, progression, and prognosis of NMIBCs and then predicts the risk of recurrence and progression of NMIBCs (46, 47). The molecular subtyping system mainly uses cluster analysis to examine the genome and the expression levels of genes and their involved biological processes (25). Compared with the traditional classification system, molecular subtyping reflects the intrinsic characteristics of the tumors, and it not only predicts the prognosis and treatment response of NMIBCs but also MIBCs (48).

Obtaining high-quality samples is the first key step to establish molecular subtyping, but unfortunately, many factors can easily affect the quality of samples, resulting in distortion of the results. NIMBC, especially in the early stage, has a very small tumor size, and it is difficult to obtain enough sample for pathological, genomic, and transcriptometric diagnoses to be performed at the same time. In contrast, the volume of the MIBC tumors is often larger and has enough samples for all of the above testing. This may be one of the reasons why NIMBC molecular typing has developed slowly in recent years, while MIBC molecular typing has developed rapidly. Surgery also affects the quality of tumor samples. Transurethral resection of bladder tumor (TURBT) resects tumor tissue by electrocision, and the length of burning time and the depth of cutting directly affect the quality of tumor tissue. In addition, the longer the operation time is, the more serious the mRNA degradation.

mRNA in resected tumor tissues is easily degraded; a longer cut-off time leads to more serious degradation. However, the surgical time for TURBT or radical cystectomy often varies greatly depending on the operator's experience, so both the surgical method and surgical time are factors that cannot be ignored, as both affect the quality of the specimens. mRNA in frozen samples is relatively stable, while that in formalin-fixed, paraffin-embedded specimens is often severely degraded (49). Because the TME contains a large number of other components, such as stromal cells and immune cells, the inappropriate purification of tissues can also affect the results of molecular subtyping (23). Of course, bladder cancer is a highly heterogeneous tumor, and even if the samples are collected from different sites of the same tumor tissue, its molecular subtyping results may be different (44). Therefore, the establishment of a more reasonable specimen collection and management procedure is the first step to ensure the accuracy of molecular typing results.


NMIBC Molecular Subtyping

The early molecular classification system subdivided BC into luminal and non-luminal subtypes, mainly according to whether there was high expression of urothelial differentiation biomarkers. Although there are an increasing number of molecular subtyping systems, they are basically built from these two basic subtypes. It should be noted that the basal subtype is just one subtype of the non-luminal type. Due to the high proportion of non-luminal subtype tumors, studies often mistake non-luminal as basal subtype (23). In addition, luminal and basal subtypes are not the exclusive subtypes of MIBC, and these two subtypes also exist in NMIBC. However, it cannot be considered that luminal and basal subtypes in MIBC transform from luminal and basal subtypes in NMIBC, respectively. According to UROMOL 2016, 460 NMIBCs were divided into Class 1 (luminal-like), Class 3 (basal-like) and Class 2 (high-risk luminal-like) subtypes. Class 1 highly expresses luminal-like biomarkers, which is highly similar to urobasal A in the Lund 2012 classification (Figure 3). Class 1 subtypes mainly consist of low-risk NMIBC, while high-risk NMIBC tends to be concentrated in the Class 3 and Class 2 subtypes. Although Class 3 has the characteristics of MIBC basal-like, Jakob Hedegaard thought that Class 3 subtypes could not be considered precursors of MIBC basal-like subtypes. Compared with Class 2 subtypes, the proportion of Class 3 in MIBC was very small, so the team speculated that Class 3 gradually shifted into the Class 2 subtype in progression (33). Second, in addition to the luminal differentiation feature, luminal subtypes highly expressed cell adhesion, early cell cycle, metabolism, and FGFR3 genes. Late cell cycle, CSC markers and EMT-related genes tend to be highly expressed in Class 2 (high-risk luminal-like tumors). In addition, extracellular matrix organization, immune response and other changes were also observed. However, late cell cycle, CSC markers and EMT-related genes tend to be highly expressed in partial non-luminal subtypes; extracellular matrix organization, immune response and other changes were also observed in non-luminal subtypes (32, 33). Third, further research is needed on which genes drive NMIBC to MIBC. Gottfrid Sjödahl's team (50) followed up 357 urothelial bladder cancer patients (UBCs) and analyzed the genes of 73 patients who transformed from NMIBCs to MIBCs. They found that although FGFR3, PIK3CA, or TERT were the most common mutations of NMIBC, they were not associated with progression, while TP53 was a common mutation in advanced UBC and highly associated with highly invasive subtypes, suggesting that TP53 may be a key factor driving the progression of NMIBC (41). The methylation state of GATA2 may be related to the progression of NMIBC. Van Kessel analyzed the GATA2 methylation status and FGFR3 mutation status of high-risk NMIBC and found that NMIBC with GATA2 methylation and FGFR3 wild type was more likely to progress into MIBC (34). Although it is not clear which genes drive the transformation of NMIBC into MIBC, molecular typing provides important clues. Molecular subtyping is also helpful to monitor and manage the recurrence and progression of NMIBC, especially high-risk NMIBC. High-risk NMIBC was further classified into good, moderate and poor subtypes, which increased the accuracy of its prediction of the risk of NMIBC progression (34). Therefore, novel molecular subtyping has the potential for implementation in the traditional NMIBC guidelines. As mentioned above, compared with the molecular subtyping of MIBC, the molecular subtyping of NMIBC is developing slowly at present, with relatively few reports in the literature; further study is needed.



MIBC Molecular Subtyping

During progression, not only the intrinsic characteristics of bladder cancer cells but also the tumor microenvironment (TME) change. Early MIBC molecular classification systems tended to focus on the molecular classification of tumor cells themselves, such as luminal, basal and other subtypes (31, 35). With a deeper understanding of BC cells and their TME, molecular subtyping efforts began to focus more on heterogeneity, the extracellular matrix (ECM) and immune infiltration, promoting further refinement of BC typing. More systematic and comprehensive molecular subtyping has deepened the comprehensive understanding of the characteristics of BC, thus promoting the development of new targeted therapies and immunotherapies in the treatment of bladder cancer. The more systematic and comprehensive molecular subtyping not only deepens the understanding of the characteristics but also promotes the development of novel targeted therapies and immunotherapies in the treatment of bladder cancer. TCGA 2017 subdivided luminal into luminal, luminal-papillary and luminal subtypes and subdivided non-luminal into basal squamous and neural subtypes according to their pathological and genetic characteristics (37). BOLD 2018 also include neural-like, luminal-like, papillary-like, squamous-cell carcinoma-like subtypes and added HER2-like and mesenchymal-like subtypes (38). Recently, Kamoun established and verified a comprehensive network based on six classification systems and divided MIBC into luminal-papillary, luminal non-specified, luminal instability, stroma-rich, basal/squamous, and neurostable-like (51). This classification system considers not only the heterogeneity of BC tumor cells themselves but also the influence of infiltrated immune cells and stromal cells on the clinical characteristics and prognosis of tumors. Therefore, the new subtyping systems partially retain the classical subtypes of the previous subtyping system as well as propose some new subtypes.

First, the prognosis of each subtype is different, and the response to neoadjuvant chemotherapy is also different. Luminal subtypes with relatively mature differentiation tend to have a better prognosis, while basal and neural-like subtypes with poor differentiation have a worse prognosis (23, 33, 38, 51). Although the prognosis of the luminal-papillary subtype is good, it is not sensitive to neoadjuvant chemotherapy (NAC) (37). Although basal/squamous LumNS (luminal non-specified) has a poor prognosis, they may benefit from NAC. In conclusion, not all people can benefit from NAC, and molecular subtyping is beneficial to select patients with specific subtypes that are sensitive to NAC, which could help avoid the toxicity of unnecessary chemotherapy and optimize the therapeutic strategy, a task that is difficult for traditional typing.

Second, based on the comprehensive analysis of the genome, transcriptome, and non-coding RNA of BC, molecular subtyping provides a new direction for personal and precise treatment. Genetic alterations in BC include point mutations, gene fusion, gene amplification, and deletion. The most common genetic changes in NMIBC include FGFR3, KDM6A, PIK3CA, and KMT2D, while the most common mutations in MIBC include TP53, KMT2D, KDM6A, and RB1. In addition, APOBEC-mediated mutagenesis may be an important factor in driving genetic mutations in NMIBC and MIBC (1). These altered genes are involved in a number of important biological processes, including TP53/cell cycle, RTK/RAS/PI3K, FGFR3, EGFR, chromatin modifiers, DNA damage, etc. It is the in-depth study of these processes that has promoted the development of BC targeted therapy and accurate diagnostic and treatment approaches. FGFR3 is one of the most common amplification mutation genes in luminal subtypes, and targeted FGFR has become a promising treatment. FGFR1-4 alterations UC patients respond well to the FGFR inhibitors erdafitinib and rogaratinib (52, 53), and these drugs are undergoing UC II/III clinical trials. Similarly, PIK3CA is also a common activated mutant gene, and targeting the PI3K pathway has achieved a good therapeutic effect in vivo and in vitro preclinical BC treatment (54). In addition to the above targeted therapies, other targeted signaling pathways, such as ERBB2 and TSC1, are undergoing preclinical testing.

Third, molecular subtyping provides guidance for BC immunotherapy. Anti-programmed death 1 (PD-1), programmed death-ligand 1 (PD-L1), and cytotoxic t-lymphocyte antigen 4 (CTLA4) are important second-line therapies for MIBCs with NAC failure. Unfortunately, not all patients can benefit from immunotherapy. The luminal-infiltrated subtype in the TCGA 2017 subtyping system moderately expressed PD-L1 and CTLA-4. In particular, although this subtype is not sensitive to NAC, it has a good response to anti-PD-L1, PD-1 and CTLA-4 treatment. In addition, the basal/squamous subtype is sensitive not only to NAC but also to anti-PD-L1, PD-1, and CTLA-4 (37).

Compared to the traditional BC classification, molecular subtyping provides more information for precise treatment. For example, in the classification system established by Kamoun et al. (51), the luminal papillon (LumP) subtype highly expressed the FGFR3 gene, and targeted FGFR3 therapy was effective. LumNS (luminal non-specified) and stroma-rich were rich in infiltrated stromal and immune cells. Both of these subtypes highly expressed panfibroblast TGF-β and showed resistance to PD-1 or PD-L1 treatment. Similar to TCGA 2017, the neuroauction (NE) subtype highly expressed cell cycle- and DNA replication-related genes and was sensitive to NAC therapy. The basal/squamous subtype showed good responsiveness to immunotherapy but was not sensitive to radiotherapy.

There are an increasing number of molecular subtyping systems that are being constantly updated and provide important information for clinical diagnosis and treatment. However, BC molecular subtyping still has some limitations: (I). In the traditional pathological classification system, it is relatively easy to obtain pathological parameters, it is convenient to operate, and the prediction results are approximate, which is suitable for clinical applications. (II) Molecular subtyping is mainly based on “static” research, especially in NMIBC, and enables a one-time detection and analysis of tumor specimens rather than “dynamic” tracking. For example, during the monitoring and follow-up of NMIBCs, primary, recurrent and progressive tumors should be collected and analyzed to identify a better risk prediction system by integrating the information and data in the whole diagnosis and treatment process. (III) Currently, molecular subtyping is mainly focused on genome and transcriptome research, whereas the proteomics and immune status of tumors are also closely related to their development. Therefore, multiomics should be included in the study of molecular subtyping. (IV) Bladder cancer often exhibits intratumor heterogeneity. There may be multiple molecular subtypes in the same tumor, which may be an important factor affecting the accuracy of the molecular subtyping prediction system. With the rapid development of single-cell high-throughput sequencing (46, 55, 56), mass spectrometric detection (57), immune analysis (58, 59), and other technologies, the accuracy of the molecular subtyping prediction system will be further improved (Figure 4). Compared with traditional pathological classification, molecular subtyping offers a more comprehensive analysis of the genome, transcriptome and non-coding RNA, providing important guidance for BC adjuvant chemotherapy, targeted therapy and immunotherapy. In the future, these classifications will become an important complementary approach to traditional pathological classification.
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FIGURE 4. Traditional classification and novel subtyping systems for bladder cancer. NMIBC, Non-muscular invasive bladder cancer; BCG, Bacillus Calmette—Guerin; BCs, bladder cancer patients.





AUTHOR CONTRIBUTIONS

SZ and WY drafted the manuscript. FC, XY, and CW revised the content and approved the manuscript for publication.



REFERENCES

 1. Hurst C, Rosenberg J, Knowles M. SnapShot: bladder cancer. Cancer Cell. (2018) 34:350. doi: 10.1016/j.ccell.2018.07.013

 2. Cumberbatch M, Jubber I, Black PC, Esperto F, Figueroa JD, Kamat AM, et al. Epidemiology of bladder cancer: a systematic review and contemporary update of risk factors in 2018. Eur Urol. (2018) 74:784–95. doi: 10.1016/j.eururo.2018.09.001

 3. Czerniak B, Dinney C, McConkey D. Origins of bladder cancer. Annu Rev Pathol. (2016) 11:149–74. doi: 10.1146/annurev-pathol-012513-104703

 4. Gruber K. Coffee consumption and bladder cancer are linked, analysis shows. Bmj. (2015) 350:h1477. doi: 10.1136/bmj.h1477

 5. Markowski MC, Boorjian SA, Burton JP, Hahn NM, Ingersoll MA, Maleki VS, et al. The microbiome and genitourinary cancer: a collaborative review. Eur Urol. (2019) 75: 637–46. doi: 10.1016/j.eururo.2018.12.043

 6. EAU Guidelines. Edn. presented at the EAU Annual Congress Copenhagen 2018. ISBN 978–94-92671–01-1.

 7. Sylvester RJ, van der Meijden AP, Oosterlinck W, Witjes JA, Bouffioux C, Denis L, et al. Predicting recurrence and progression in individual patients with stage Ta T1 bladder cancer using EORTC risk tables: a combined analysis of 2,596 patients from seven EORTC trials. Eur Urol. (2006) 3:465–6. doi: 10.1016/j.eururo.2005.12.031

 8. Zamboni S, Moschini M, Simeone C, Antonelli A, Mattei A, Baumeister P, et al. Prediction tools in non-muscle invasive bladder cancer. Transl Androl Urol. (2019) 8:39–45. doi: 10.21037/tau.2019.01.15

 9. Zhang G, Steinbach D, Grimm MO, Horstmann M. Utility of the EORTC risk tables and CUETO scoring model for predicting recurrence and progression in non-muscle-invasive bladder cancer patients treated with routine second transurethral resection. World J Urol. (2019) 37:2699–705. doi: 10.1007/s00345-019-02681-2

 10. Zhang L, Wu B, Zha Z, Qu W, Zhao H, Yuan J. Clinicopathological factors in bladder cancer for cancer-specific survival outcomes following radical cystectomy: a systematic review and meta-analysis. BMC Cancer. (2019) 19:716. doi: 10.1186/s12885-019-5924-6

 11. Lopez-Beltran A, Henriques V, Montironi R, Cimadamore A, Raspollini MR, Cheng L. Variants and new entities of bladder cancer. Histopathology. (2019) 74:77–96. doi: 10.1111/his.13752

 12. Meng MV, Gschwend JE, Shore N, Grossfeld GD, Mostafid H, Black PC. Emerging immunotherapy options for BCG-unresponsive non-muscle-invasive bladder cancer. J Urol. (2019) 202:1111–9. doi: 10.1097/JU.0000000000000297

 13. Pettenati C, Ingersoll MA. Mechanisms of BCG immunotherapy and its outlook for bladder cancer. Nat Rev Urol. (2018) 15:615–25. doi: 10.1038/s41585-018-0055-4

 14. Pederzoli F, Bandini M, Briganti A, Plimack ER, Niegisch G, Yu EY, et al. Incremental utility of adjuvant chemotherapy in muscle-invasive bladder cancer: quantifying the relapse risk associated with therapeutic effect. Eur Urol. (2019) 76:425–9. doi: 10.1016/j.eururo.2019.06.032

 15. Martini A, Jia R, Ferket BS, Waingankar N, Plimack ER, Crabb SJ, et al. Tumor downstaging as an intermediate endpoint to assess the activity of neoadjuvant systemic therapy in patients with muscle-invasive bladder cancer. Cancer. (2019) 125:3155–63. doi: 10.1002/cncr.32169

 16. Waingankar N, Jia R, Marqueen KE, Audenet F, Sfakianos JP, Mehrazin R, et al. The impact of pathologic response to neoadjuvant chemotherapy on conditional survival among patients with muscle-invasive bladder cancer. Urol Oncol. (2019) 37:572.e21–8. doi: 10.1016/j.urolonc.2019.04.027

 17. Boormans JL, Zwarthoff EC, Black PC, Goebell PJ, Kamat AM, Nawroth R, et al. New horizons in bladder cancer research. Urol Oncol. (in press). doi: 10.1016/j.urolonc.2018.12.014

 18. Kim S, Kim Y, Kong J, Kim E, Choi JH, Yuk HD, et al. Epigenetic regulation of mammalian Hedgehog signaling to the stroma determines the molecular subtype of bladder cancer. Elife. (2019) 8:37. doi: 10.7554/eLife.43024.037

 19. Stroggilos R, Mokou M, Latosinska A, Makridakis M, Lygirou V, Mavrogeorgis E, et al. Proteome-based classification of Non-muscle Invasive Bladder Cancer. Int J Cancer. (2019) 146:281–94. doi: 10.1002/ijc.32556

 20. Witzke KE, Grosserueschkamp F, Jutte H, Horn M, Roghmann F, von Landenberg N, et al. Integrated fourier transform infrared imaging and proteomics for identification of a candidate histochemical biomarker in bladder cancer. Am J Pathol. (2019) 189:619–31. doi: 10.1016/j.ajpath.2018.11.018

 21. Grossman HB, Bellmunt J, Black PC. Can biomarkers guide the use of neoadjuvant chemotherapy in t2 bladder cancer? Eur Urol Oncol. (2019) 2:597–602. doi: 10.1016/j.euo.2019.06.002

 22. Loras A, Suarez-Cabrera C, Martinez-Bisbal MC, Quintas G, Paramio JM, Martinez-Manez R, et al. Integrative metabolomic and transcriptomic analysis for the study of bladder cancer. Cancers. (2019) 11:686. doi: 10.3390/cancers11050686

 23. Sjodahl G, Jackson CL, Bartlett JM, Siemens DR, Berman DM. Molecular profiling in muscle-invasive bladder cancer: more than the sum of its parts. J Pathol. (2019) 247:563–73. doi: 10.1002/path.5230

 24. Morera DS, Lahorewala SS, Belew D, Ghosh S, Klaassen Z, Jordan AR, et al. Clinical parameters outperform molecular subtypes for predicting outcome in bladder cancer: results from multiple cohorts including TCGA. J Urol. (2019) 203:62–72. doi: 10.1097/JU.0000000000000351.

 25. Choi W, Ochoa A, McConkey DJ, Aine M, Hoglund M, Kim WY, et al. Genetic alterations in the molecular subtypes of bladder cancer: illustration in the cancer genome atlas dataset. Eur Urol. (2017) 72:354–65. doi: 10.1016/j.eururo.2017.03.010

 26. Rose D, Haferlach T, Schnittger S, Perglerova K, Kern W, Haferlach C. Subtype-specific patterns of molecular mutations in acute myeloid leukemia. Leukemia. (2017) 31:11–7. doi: 10.1038/leu.2016.163

 27. Plevritis SK, Munoz D, Kurian AW, Stout NK, Alagoz O, Near AM, et al. Association of screening and treatment with breast cancer mortality by molecular subtype in US women, 2000–2012. Jama. (2018) 319:154–64. doi: 10.1001/jama.2017.19130

 28. Lenz HJ, Ou FS, Venook AP, Hochster HS, Niedzwiecki D, Goldberg RM, et al. Impact of consensus molecular subtype on survival in patients with metastatic colorectal cancer: results from CALGB/SWOG 80405 (Alliance). J Clin Oncol. (2019) 37:1876–85. doi: 10.1200/JCO.18.02258

 29. Xue R, Chen L, Zhang C, Fujita M, Li R, Yan SM, et al. Genomic and transcriptomic profiling of combined hepatocellular and intrahepatic cholangiocarcinoma reveals distinct molecular subtypes. Cancer Cell. (2019) 35:932–47. doi: 10.1016/j.ccell.2019.04.007

 30. Cristescu R, Lee J, Nebozhyn M, Kim KM, Ting JC, Wong SS, et al. Molecular analysis of gastric cancer identifies subtypes associated with distinct clinical outcomes. Nat Med. (2015) 21: 449–56. doi: 10.1038/nm.3850

 31. Damrauer JS, Hoadley KA, Chism DD, Fan C, Tiganelli CJ, Wobker SE, et al. Intrinsic subtypes of high-grade bladder cancer reflect the hallmarks of breast cancer biology. Proc Natl Acad Sci USA. (2014) a111: 3110–5. doi: 10.1073/pnas.1318376111

 32. Sjodahl G, Lauss M, Lovgren K, Chebil G, Gudjonsson S, Veerla S, et al. A molecular taxonomy for urothelial carcinoma. Clin Cancer Res. (2012) 18: 3377–86. doi: 10.1158/1078-0432.CCR-12-0077-T

 33. Hedegaard J, Lamy P, Nordentoft I, Algaba F, Hoyer S, Ulhoi BP, et al. Comprehensive transcriptional analysis of Early-Stage urothelial carcinoma. Cancer Cell. (2016) 30: 27–42. doi: 10.1016/j.ccell.2016.05.004

 34. van Kessel K, van der Keur KA, Dyrskjot L, Algaba F, Welvaart N, Beukers W, et al. Molecular markers increase precision of the european association of urology Non-Muscle-Invasive bladder cancer progression risk groups. Clin Cancer Res. (2018) 24:1586–93. doi: 10.1158/1078-0432.CCR-17-2719

 35. Choi W, Porten S, Kim S, Willis D, Plimack ER, Hoffman-Censits J, et al. Identification of distinct basal and luminal subtypes of muscle-invasive bladder cancer with different sensitivities to frontline chemotherapy. Cancer Cell. (2014) 25:152–65. doi: 10.1016/j.ccr.2014.01.009

 36. Comprehensive molecular characterization of gastric adenocarcinoma. Nature. (2014) 513:202–9. doi: 10.1038/nature13480

 37. Robertson AG, Kim J, Al-Ahmadie H, Bellmunt J, Guo G, Cherniack AD, et al. Comprehensive molecular characterization of Muscle-Invasive bladder cancer. Cell. (2018) 174:1033. doi: 10.1016/j.cell.2018.07.036

 38. Tan TZ, Rouanne M, Tan KT, Huang RY, Thiery JP. Molecular Subtypes of urothelial bladder cancer: results from a meta-cohort analysis of 2,411 tumors. Eur Urol. (2019) 75: 423–32. doi: 10.1016/j.eururo.2018.08.027

 39. Seiler R, Ashab H, Erho N, van Rhijn B, Winters B, Douglas J, et al. Impact of molecular subtypes in muscle-invasive bladder cancer on predicting response and survival after neoadjuvant chemotherapy. Eur Urol. (2017) 72:544–54. doi: 10.1016/j.eururo.2017.03.030

 40. Seiler R, Gibb EA, Wang NQ, Oo HZ, Lam HM, van Kessel KE, et al. Divergent biological response to neoadjuvant chemotherapy in muscle-invasive bladder cancer. Clin Cancer Res. (2018) 25:5082–93. doi: 10.1158/1078-0432.CCR-18-1106

 41. Kandimalla R, van Tilborg AA, Kompier LC, Stumpel DJ, Stam RW, Bangma CH, et al. Genome-wide analysis of CpG island methylation in bladder cancer identified TBX2, TBX3, GATA2, and ZIC4 as pTa-specific prognostic markers. Eur Urol. (2012) 61:1245–56. doi: 10.1016/j.eururo.2012.01.011

 42. Beukers W, Kandimalla R, Masius RG, Vermeij M, Kranse R, van Leenders GJ, et al. Stratification based on methylation of TBX2 and TBX3 into three molecular grades predicts progression in patients with pTa-bladder cancer. Mod Pathol. (2015) 28:515–22. doi: 10.1038/modpathol.2014.145

 43. Kim J, Akbani R, Creighton CJ, Lerner SP, Weinstein JN, Getz G, et al. Invasive bladder cancer: genomic insights and therapeutic promise. Clin Cancer Res. (2015) 21:4514–24. doi: 10.1158/1078-0432.CCR-14-1215

 44. Warrick JI, Sjodahl G, Kaag M, Raman JD, Merrill S, Shuman L, et al. Intratumoral heterogeneity of bladder cancer by molecular subtypes and histologic variants. Eur Urol. (2019) 75:18–22. doi: 10.1016/j.eururo.2018.09.003

 45. Liu D, Abbosh P, Keliher D, Reardon B, Miao D, Mouw K, et al. Mutational patterns in chemotherapy resistant muscle-invasive bladder cancer. Nat Commun. (2017) 8:2193. doi: 10.1038/s41467-017-02320-7

 46. Cambier S, Sylvester RJ, Collette L, Gontero P, Brausi MA, van Andel G, et al. EORTC nomograms and risk groups for predicting recurrence, progression, and disease-specific and overall survival in Non-Muscle-invasive stage Ta-T1 urothelial bladder cancer patients treated with 1–3 years of maintenance bacillus Calmette-Guerin. Eur Urol. (2016) 69:60–9. doi: 10.1016/j.eururo.2015.06.045

 47. Rieken M, Shariat SF, Kluth L, Crivelli JJ, Abufaraj M, Foerster B, et al. Comparison of the EORTC tables and the EAU categories for risk stratification of patients with non-muscle-invasive bladder cancer. Urol Oncol. (2018) 36:8–17. doi: 10.1016/j.urolonc.2017.08.027

 48. McConkey DJ, Choi W, Ochoa A, Siefker-Radtke A, Czerniak B, Dinney CP. Therapeutic opportunities in the intrinsic subtypes of muscle-invasive bladder cancer. Hematol Oncol Clin North Am. (2015) 29:377–94. doi: 10.1016/j.hoc.2014.11.003

 49. Meeks JJ, McConkey DJ. Limited upstaging in luminal subtype tumors: ready for clinical practice? Eur Urol. (2019) 76:207–8. doi: 10.1016/j.eururo.2019.05.025

 50. Sjodahl G, Eriksson P, Patschan O, Marzouka NA, Jakobsson L, Bernardo C, et al. Molecular changes during progression from nonmuscle invasive to advanced urothelial carcinoma. Int J Cancer. (2019) doi: 10.1002/ijc.32737. [Epub ahead of print].

 51. Kamoun A, de Reynies A, Allory Y, Sjodahl G, Robertson AG, Seiler R, et al. Consensus molecular classification of muscle-invasive bladder cancer. Eur Urol. (2019). doi: 10.1016/j.eururo.2019.09.006. [Epub ahead of print].

 52. Loriot Y, Necchi A, Park SH, Garcia-Donas J, Huddart R, Burgess E, et al. Erdafitinib in locally advanced or metastatic urothelial carcinoma. N Engl J Med. (2019) 381:338–48. doi: 10.1056/NEJMoa1817323

 53. Casadei C, Dizman N, Schepisi G, Cursano MC, Basso U, Santini D, et al. Targeted therapies for advanced bladder cancer: new strategies with FGFR inhibitors. Ther Adv Med Oncol. (2019) 11:432461971. doi: 10.1177/1758835919890285

 54. Zeng SX, Zhu Y, Ma AH, Yu W, Zhang H, Lin TY, et al. The phosphatidylinositol 3-Kinase pathway as a potential therapeutic target in bladder cancer. Clin Cancer Res. (2017) 23:6580–91. doi: 10.1158/1078-0432.CCR-17-0033

 55. Zhang X, Zhang M, Hou Y, Xu L, Li W, Zou Z, et al. Single-cell analyses of transcriptional heterogeneity in squamous cell carcinoma of urinary bladder. Oncotarget. (2016) 7:66069–76. doi: 10.18632/oncotarget.11803

 56. Yang Z, Li C, Fan Z, Liu H, Zhang X, Cai Z, et al. Single-cell sequencing reveals variants in ARID1A, GPRC5A and MLL2 driving self-renewal of human bladder cancer stem cells. Eur Urol. (2017) 71:8–12. doi: 10.1016/j.eururo.2016.06.025

 57. Wu Z, Wang S, Jiang F, Li Q, Wang C, Wang H, et al. Mass spectrometric detection combined with bioinformatic analysis identified possible protein markers and key pathways associated with bladder cancer. Gene. (2017) 626:407–13. doi: 10.1016/j.gene.2017.05.054

 58. Liu Y, Yang W, Zhao L, Liang Z, Shen W, Hou Q, et al. Immune analysis of expression of IL-17 relative ligands and their receptors in bladder cancer: comparison with polyp and cystitis. BMC Immunol. (2016) 17:36. doi: 10.1186/s12865-016-0174-8

 59. Singh P, Black P. Emerging role of checkpoint inhibition in localized bladder cancer. Urol Oncol. (2016) 34:548–55. doi: 10.1016/j.urolonc.2016.09.004

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Zhu, Yu, Yang, Wu and Cheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fonc-10-00102-t001.jpg
Subtyping systems Abbreviation Cases of the studies  Subtypes

Early BC subtyping Lund 2012 n=2308 Urobasal A, genomically unstable, infitrated,
(including NMIBC and MIBC) five subtyping system (32) urobasal B, and SSC-like
NMIBC subtyping UROMOL 2016 n=460 Class 1, Class 3, and Class 2
three subtyping system (33)
Van Kessel et al. (34) n=1239 Reclassify EAU high-risk NMIBGs into good,
moderate, and poor subtypes
MIBC subtyping UNC 2014 n=262 Basal-ike (including claudin-low), and luminal
two subtyping system (31)
MDA 2014 n=13 Luminal, p53-like, basal
three subtyping system (35)
TCGA 2014 Clusters |, Il Il and IV
four subtyping system (36) (Luminal, luminal-infitrated, basal squamous, basal)
TCGA 2017 five subtyping system (37) n=412 Luminal, luminal-infitrated, basal-squamous, neural,
and luminal-papillary
BC subtyping BOLD 2018 n=2411 Neural-iike, luminal-like, papillary-like, HER2-like,
(including NMIBC and MIBC) six subtyping system (38) Squamous-cell carcinoma-like and
mesenchymal-ike
Subtyping based on adjuvant GSC 2017 n=2343 Claudin-low, basal, luminal-infitrated, and luminal
chemotherapy four subtyping system (39)
Seiler 2018 CC1, CC2, CC3, and CC4 (Basal, luminal, immune,
four subtyping system (40) soar-lie)

BC, Bladder cancer; NMIBC, non-muscle invasive bladder cancer; MIBC, muscle invasive bladder cancer; SSC, squamous cell carcinoma; GSC, single-sample genomic subtyping
classifier: CC, consensus clusters.
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