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Abstract
Urothelial bladder carcinoma (UC) ranks among the top ten most commonly diagnosed cancers worldwide on an annual 
basis. The standardized classification system for urothelial bladder tumors is the Tumor, Node, Metastasis classification, 
which reflects differences between non-muscle-invasive bladder carcinoma (NMIBC) and muscle-invasive bladder carcinoma 
(MIBC) and it depends on the extent to which tumor has infiltrated the bladder wall and other tissues and organs. NMIBC and 
MIBC exhibit great intrinsic heterogeneity regarding different prognoses, survival, progression, and treatment outcomes. In 
recent years, studies based on mRNA expression profiling revealed the existence of biologically relevant molecular subtypes 
of UC, which show variant molecular features that can provide more precise stratification of UC patients. Here, we present 
a complex classification of UC based on mRNA expression studies and molecular subtypes of NMIBC and MIBC in detail 
with regard to different mRNA expression profiles, mutational signatures, and infiltration by non-tumor cells. The possible 
impact of molecular subtyping on treatment decisions and patients’ outcomes is outlined, too.
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Abbreviations
BCG  Bacillus calmette-guérin,
Ba/Sq  Basal/squamous,
Ba/Sq  Basal/squamous cell carcinoma-like
UC  Urothelial carcinoma
BT  Bladder tumor
CIS  Carcinoma in situ
EGFR  Epidermal growth factor receptor
EMT  Epithelial-to-mesenchymal transition
ESR2  Estrogen signaling receptor
GU  Genomically unstable
LumNS  Luminal non-specified
LumP  Luminal papillary
LumU  Luminal unstable
mes-like  Mesenchymal-like
MIBC  Muscle-invasive bladder cancer
NAC  Neoadjuvant chemotherapy
Ne-like  Neuroendocrine-like

NMIBC  Non-muscle-invasive bladder cancer
OS  Overall survival
PPARγ  Peroxisome proliferator activator 

receptor-gamma
PFS  Progression-free survival
RFS  Recurrence-free survival
Sc/Ne  Small cell/neuroendocrine-like
SCCL  Squamous cell carcinoma–like
TNM  Tumor node metastasis
UroA  Urobasal A
UroB  Urobasal B
UroC  Urobasal C

Introduction

Among men in Europe, urothelial bladder carcinoma (UC) 
ranked as the fourth most frequently diagnosed type of can-
cer in 2020. Of the 2.1 million new cancer cases in that year, 
UC represented 7.3% [1]. UC is the prevailing histological 
type of the disease, and for clinical and treatment purposes, 
it can be categorized into two types, non-muscle-invasive 
bladder carcinoma (NMIBC) and muscle-invasive blad-
der carcinoma (MIBC), which are differentiated based on 
the extent of tumor growth into the bladder wall. Among 
newly detected bladder tumors (BT) cases, around 70% are 
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classified as NMIBC, and 30% are classified as MIBC [2]. 
Although patients with NMIBC have better survival and 
prognosis, they have a higher risk of recurrence. Approxi-
mately 20% of NMIBCs progress to the more-aggressive 
MIBC [3]. Accurate determination of the stage of the dis-
ease is crucial for clinical diagnosis and prognosis. For this 
purpose, the Tumor, Node, Metastasis (TNM) classification 
system was established (Table 1) [4].

Transurethral resection (TUR-BT) combined with intra-
vesical therapy is the usual treatment for NMIBC patients 
[5]. Due to the high rate of recurrence, these patients must 
also undergo regular cystoscopy. The treatment of MIBC 
involves administering neoadjuvant chemotherapy before 
performing radical cystectomy surgery with lymph node 
dissection and urine diversion [6].

Molecular classification of UC by mRNA expression 
profiling has emerged in recent years. This approach has 
provided new insights into UC classification, as mRNA 
expression signatures can be used to define several distinct 
molecular subtypes. Several research groups have proposed 
molecular classification of UC. For example, some of these 
researchers analyzed only NMIBC [7, 8], whereas others 
examined only MIBC [9, 10], and others examined both 
types [11–13]. Subsequent studies attempted to create a con-
sensus classification by combining previous nomenclature 
[14]. Stratification of patients into more-detailed groups than 
just MIBC or NMIBC is crucial. Patient outcomes, reactions 
to therapy, and prognosis differ based on the subtype of UC 
[9–11, 15–17]. Herein, we describe a detailed and up-to-
date molecular classification of UC that has the potential to 
influence treatment and thus prognosis in the near future.

Novel molecular classification of MIBC

The earliest studies on this topic described two basic 
subtypes of MIBC. A research group at Lund University 
was the first to identify two intrinsic molecular subtypes 
of MIBC [18]. Damrauer and colleagues used consensus 
clustering to identify two distinct molecular subtypes 
of MIBC, luminal and basal [19]. Basal and luminal 
UC exhibit differences in transcriptional activity and 

enrichment of transcriptional factors that mediate the 
expression of basal or luminal biomarkers and cell dif-
ferentiation. Expression of transcriptional factors such as 
ΔNp63α [9, 20], STAT3 [21, 22], and epidermal growth 
factor receptor (EGFR) [9, 15, 19] is typical for basal 
tumors, whereas luminal tumors exhibit expression of 
ESR1, TRIM24, GATA3, FOXA1 [23, 24], uroplakins, per-
oxisome proliferator activator receptor–gamma (PPARγ) 
and there are typical FGFR3 mutations and expression 
[9, 15, 19].

Pioneering studies that described two subtypes of MIBC 
were advanced using a different approach based on global 
mRNA expression profiles of UC, which allowed for the 
identification of more subtypes. Hence, UC was divided into 
additional groups beyond the basal and luminal subtypes, 
and within these two types, there is heterogeneity. Research-
ers at Lund University expanded their original study of two 
intrinsic subtypes of MIBC and developed a new classifica-
tion system including NMIBC and MIBC. This newer study 
identified five major subtypes: urobasal A (uroA), genomi-
cally unstable (GU), urobasal B (uroB), squamous cell car-
cinoma–like (SCCL), and infiltrated subtype which was 
believed to represent a heterogenous class of other tumor 
subtypes infiltrated by non-tumor cells [11]. Research within 
the Lund group continued and presented an updated clas-
sification consisting of 5 subtypes: urothelial-like (which 
can be further divided into UroA, UroB, UroC), genomi-
cally unstable (GU), basal/squamous cell carcinoma-like 
(Ba/Sq), mesenchymal-like (mes-like), and small cell/neu-
roendocrine-like (Sc/Ne) [12, 13]. A MD Anderson Cancer 
Center group identified three molecular subtypes of MIBC, 
luminal, basal, and p53-like [9]. The so-called TCGA group 
identified five expression subtypes of MIBC: luminal-papil-
lary, luminal-infiltrated, luminal, basal-squamous, and neu-
ronal [10]. As different groups used different nomenclature, 
Kamoun et al. proposed a consensus classification of MIBC 
by comparing six different MIBC subtype classifications and 
analyzing 1750 MIBC transcriptomic profiles. Their consen-
sus classification system included six subtypes of MIBC: 
luminal papillary (LumP), luminal non-specified (LumNS), 
luminal unstable (LumU), stroma-rich, basal/squamous (Ba/
Sq), and neuroendocrine-like (Ne-like) [14].

Table 1  The TNM classification of BT

NMIBC MIBC

Stage Ta T1 Tis T2 T3 T4

T2a T2b T4a T4b

Localization of 
BT in blad-
der wall and 
beyond

mucosa Submucosa/
lamina 
propria

Carcinoma 
in situ

Muscle layer 
-superficially

Muscle layer 
-deeply

Perivesical fat Prostate, 
uterus,vagina, 
intestines

Abdominal/
pelvic walls
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The three luminal subtypes (LumP, LumU, LumNS) 
typically exhibit a luminal morphology and overexpress 
PPARγ, GATA3, and FOXA1, which are urothelial differ-
entiation markers. In addition, they also overexpress uro-
plakins such as UPK1A or UPK2, and KRT20, which are 
normally expressed in high levels in terminally differentiated 
urothelial cells, as well as receptors with regulatory factors 
involved in estrogen signaling (ESR2) (Table 2) [9, 10, 14, 
25]. Apart from these similar features, the luminal subtypes 
do not share the same molecular signatures. Tumors of the 
LumP subtype are characterized by high FGFR3 transcrip-
tional activity [14], and they exhibit a noninvasive Ta path-
way signature [26]. LumNS tumors display elevated infiltra-
tion of stromal cells, especially fibroblasts, and infiltration 
by immune cells, especially B and T lymphocytes. Aside 
from LumNS, tumors of no other luminal subtype show 
signs of immune infiltration. LumU tumors displayed the 
most significant cell cycle activity compared to other lumi-
nal subtypes [14].

Typical FGFR3 alternations in the LumP subtype include 
amplifications, overexpression, or FGFR3-TACC3 fusions 
[10, 14]. Apart from FGFR3 mutations, LumP tumors show 
frequent KDM6A mutations. CDKN2A deletions are present 
at the highest level in LumP tumors, which is in accordance 
with typical deletions of chromosome 9. The best overall 
survival (OS) is reported among patients with the LumP 
subtype (Table 2) [14]. It can be assumed that LumP sub-
type tumors progress through the papillary pathway and 
originate from class I NMIBC tumors that progressed to 
FGFR3-mutated tumors and then to LumP tumors [19]. 
The LumP subtype corresponds to UroA (Lund University 
group), and luminal-papillary (TCGA group) [14]. LumP 
subtype tumors characterized by the TCGA group exhibit 

retention of sonic hedgehog signaling [10] and low expres-
sion signature scores of carcinomas in situ (CIS) [27]. These 
tumors are of low stage and exhibit high purity (i.e., no, or 
little infiltration by non-tumor cells) [10].

LumNS tumors show enrichment in mutations affecting 
regulatory factors, for example, ELF3 (which functions as 
an initial regulator of urothelium differentiation) and PPARγ 
[14] (by which ELF3 is activated) [28]. Amplifications or 
fusions of PPARγ are common in LumNS subtype tumors. 
Within this subtype, increased infiltration by stromal and 
immune cells is reported (Table 2) [14]. The LumNS sub-
type resembles the epithelial-infiltrated subtype identified 
by Sjödahl et al., which is a combination of characteristics 
from the GU and Uro subtypes [12, 25].

Frequent PPARγ mutations are also reported in the 
LumU subtype, along with over-expression of E2F3 and 
SOX4. The mutational signature typical of the LumU sub-
type includes mutations affecting the core component of the 
nucleotide-excision repair pathway, ERCC2, and mutations 
in TP53 (Table 2). LumU is considered the most genomi-
cally unstable and altered class, as it displays the highest 
load of APOBEC-induced mutations among all luminal sub-
types [14]. LumU corresponds to luminal (MD Anderson 
group) and GU (Lund University group) tumors [14]. LumU 
tumors are thought to originate from class II NMIBC tumors 
that progress via a non-papillary pathway. Thus, LumP and 
LumU tumors differ biologically and exhibit a dissimilar 
origin, which explains why these two types of tumors cannot 
be assessed and treated as the same [25].

The Ba/Sq subtype of MIBC is characterized by over-
expression of KRT5, KRT6A, KRT14, and CD44, each of 
which represents a basal or stem cell marker. Within this 
group, enrichment in squamous differentiation markers has 

Table 2  MIBC subtypes and their typical molecular features

LumP LumNS LumU Stroma-rich Ba/sq Ne-like

Differentiation Luminal Luminal Luminal Luminal and basal Basal and squamous Neuroendocrine
Gene expression PPARγ

GATA3
FOXA1
UPK1A
UPK2
KRT20
ESR2

PPARγ
GATA3
FOXA1
UPK1A
UPK2
KRT20
ESR2

PPARγ
GATA3
FOXA1
UPK1A
UPK2
KRT20
ESR2

Markers of smooth mus-
cle, endothelium, fibro-
blasts, myofibroblasts

KRT5
KRT6A
KRT14
CD44
TGM1
DSC3
PI3

Synaptophysin
CGA 
NSE/CD56

Genomic alternation FGFR3
KDM6A
CDKN2A

ELF3
PPARγ

PPARγ
E2F3
SOX4
ERCC2
TP53

TP53
or
RB1

TP53 and RB1

Infiltration No Stromal cells—fibroblasts, 
immune cells—B and T 
lymphocytes

No Stromal cells
Immune—T- and B-cell

Immune cells—
Cytotoxic lym-
phocytes

Natural killer cells

No

Prognosis the best Poor Intermediate Intermediate Poor The poorest
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also been reported, such as TGM1, DSC3, and PI3 (Table 2) 
[10]. An association with HIF1A regulon activity [14] and a 
strong association with STAT3 regulon activity [14, 29, 30] 
have been demonstrated in Ba/Sq subtype tumors. A connec-
tion with EGFR regulon activity has also been reported [14, 
31]. Genes such as GATA3, PPARγ, and FOXA1, which are 
associated with differentiation of the urothelium, are down-
regulated in Ba/Sq subtype tumors. This subtype typically 
consists of higher-stage tumors, mostly stage T3 or T4 [25]. 
TP53 or RB1 represent two of the most commonly altered 
genes in the Ba/Sq subtype. The co-occurrence of these two 
mutations is not as frequent as the occurrence of mutations 
in just one of the genes [14]. Mutations in tumor suppres-
sors are necessary for the invasion and progression of UC, 
but mutations in just one tumor suppressor are not sufficient 
[32]. Deletion of 3p14.2 also frequently occurs in the Ba/
Sq subtype of MIBC. The Ba/Sq subtype corresponds to 
the basal-squamous (TCGA group), Ba/Sq (Lund University 
group), and basal (MD Anderson group) subtypes [14].

The stroma-rich subtype is characterized by stromal 
infiltration [33], intermediate levels of urothelial differ-
entiation, and enrichment in gene signatures representing 
smooth muscle, endothelium, fibroblasts, and myofibro-
blasts (Table 2) [14]. The stroma-rich subtype corresponds 
to the luminal-infiltrated (TCGA group), and p53-like (MD 
Anderson group) subtypes [14]. The luminal-infiltrated type 
identified by the TCGA group shows overexpression of sev-
eral immune markers (namely PDCD1 [PD-1] or CD274 
[PD-L1]) [10]. Infiltration by immune cells is detected pre-
dominantly in two subtypes of MIBC, namely the Ba/Sq 
and stroma-rich subtypes. These subtypes are not infiltrated 
by the same immune cell types but rather different types of 
immune cells; cytotoxic lymphocytes and natural killer cells 
are present within Ba/Sq subtype, while stroma-rich tumors 
are enriched in T- and B-cell markers [14, 34]. Similar to 
the LumNS subtype, the stroma-rich subtype has not been as 
extensively characterized compared with the other subtypes. 
Progressing MIBC tumors consist of diverse cellular com-
ponents, including immune and stromal cells, in addition to 
tumor cells, which make it difficult to conduct comprehen-
sive gene expression analyses [25].

The neuroendocrine-like (Ne-like) subtype is the least 
common of all MIBC tumor groups. A typical sign of Ne-
like subtype tumors is enrichment in markers of neuroendo-
crine differentiation, such as neuron-specific enolase (i.e., 
CD56), synaptophysin, and chromogranin A. In contrast to 
the Ba/Sq subtype, in which generally only the TP53 or RB1 
gene is mutated rather than both, in the Ne-like subtype, 
altered forms of both of these genes co-occur (Table 2) [10, 
12, 14]. There are reports of concurrent TP53 and RB1 inac-
tivation [14], E2F3 amplification, and TP53 mutation [10] 
or co-occurrence of TP53 and RB1 deletions [14]. As is well 
known, the co-occurrence of two or more mutated tumor 

suppressor genes imparts a much higher risk of progression 
and results in a worse outcome compared with tumors in 
which just one tumor suppressor gene is mutated. High cell 
cycle activity is another typical sign of Ne-like tumors. This 
subtype results in the worst OS [10]. The Ne-like subtype 
corresponds to the neuronal subtype identified by the TCGA 
group and the small cell/neuroendocrine-like subtype identi-
fied by Lund group [14].

Novel molecular classification of NMIBC

Hedegard et al. conducted an extensive study on the tran-
scriptional profile of 460 NMIBC tumors, of which 345 were 
Ta stage, 112 were T1 stage, 3 were CIS, and an additional 
16 were MIBC tumors. They divided these tumors into 3 
subclasses, named simply class I, II, and III. Tumors of high 
grade and stage and tumors showing signs of progression to 
MIBC were found predominantly in classes II and III and 
less often in class I. Sixteen MIBC tumors were analyzed 
together with NMIBC, and fourteen were categorized into 
class II, which indicates that there are similarities between 
MIBC and high-risk NMIBC class II [7]. NMIBC tumors 
with good prognosis, at an early stage and tumors exhibiting 
elevated expression of early cell cycle genes are categorized 
into class I. In contrast, NMIBC tumors at high stages and 
grades of disease with poor prognosis and tumors showing 
higher expression of late cell cycle genes belong to class II. 
Previous studies associated UC aggressiveness with over-
expression of late cell cycle genes [11], a finding that is 
in agreement with the almost exclusive categorization of 
aggressive tumors into class II. Furthermore, class II tumors 
are associated with mutations in the ERBB, MAPK/ERK, and 
DNA damage response gene families. An APOBEC muta-
tion signature is typical of class II tumors and is most likely 
caused by defects in DNA repair mechanisms [7].

Regarding the expression profiles of the three classes of 
NMIBC, both class I and II exhibit a balanced proportion 
of induced and repressed genes, whereas class III tumors 
show mainly repressed genes. In contrast to class I and II 
tumors, which show increased expression of uroplakins that 
are predominantly found in luminal or umbrella cells [7], 
class III tumors demonstrate a higher expression of KRT5 
and KRT15, which both mark undifferentiated (basal) cells 
[35]. Moreover, class II tumors show elevated expression 
of KRT20, which is highly linked to differentiated umbrella 
cells or CIS lesions [36], and ALDH1A1, ADH1A2, PROM1 
(CD133), NES, and THY1 (CD90), which are cancer stem 
cell markers. Both class II and III tumors show enrichment 
in KRT14, and class III tumors also show enrichment in the 
expression of CD44, which are markers of basal cells and 
stem cells (Table 3) [7].
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It can be said that in tumors of classes I and II, differ-
entiation markers are expressed more often than in class 
III tumors; in addition, EMT transcriptional factors are 
expressed primarily by class II tumors. Ultimately, class I 
and II tumors can be considered luminal, while class III 
tumors are basal. Nevertheless, due to their similar luminal 
features, class I and II tumors exhibit differences in aggres-
siveness and should be treated accordingly [7].

Although class III tumors display gene expression signa-
tures similar to basal-like MIBC (high KRT5, KRT14, CD44 
expression, and low KRT20, PPARγ expression) and Ta and 
T1 basal-like NMIBC tumors have been classified as class 
III, which may evoke the Ta disease progression pathway, 
class III tumors should not be considered precursors to the 
basal subtype of MIBC. The main reason for this distinction 
is that GATA3 expression is upregulated rather than down-
regulated in class III tumors, which represents the major dif-
ference between basal MIBC and class III NMIBC. Tumors 
of class II, on the other hand, may evoke the CIS progres-
sion pathway, as these are typically high-risk luminal-like 

tumors. Class III tumors could be regarded as dormant 
because they exhibit low cell cycle activity and a low level 
of metabolism, demonstrate notable histone and chroma-
tin remodeling activity, and overexpress various lnc-RNAs 
(e.g., MIR31HG, NEAT1, and MALAT1) [7]. As lnc-RNAs 
mediate gene silencing [37], their overexpression in class 
III tumors further supports the tumors being considered to 
represent a dormant state of disease [7].

Hedegaard’s classification was further supported and 
extended by the same research group, as they identified not 
three but four classes within NMIBC by subdividing class 
II into two subgroups: class IIa and class IIb. This research 
classified patients based on their likelihood of experiencing a 
recurrence-free survival (FRS) and progression-free survival 
(PFS), the ones with the highest RFS are assigned to class I, 
whereas those with the lowest PFS are categorized as class 
IIa, proceeded by class IIb. Class IIa tumors are linked with 
the expression of late cell cycle genes, genes linked with 
cell differentiation and DNA replication, and uroplakins. In 
contrast, class IIb tumors are linked with the expression of 

Table 3  NMIBC subtypes and their molecular features. Most of Hurst´s subtypes of Ta tumors are classified as class I, T1E1 subtype cases are 
classified as class I, IIb or III

T1E4 and part of T1E2 cases are classified as IIa. T1E3 cases are classified as class IIb

The Aarhus group classifica-
tion

Class I Class IIa Class IIb Class III

Gen
e expression

Uroplakins Uroplakins
KRT20
KRT14

Uroplakins
KRT20
KRT14

KRT5
KRT15
KRT14
CD44
GATA3

Regulon activity FOXM1
ESR2
ERBB2
ERBB3

ESR1
FGFR1
RARB
STAT3
PGR

AR
GATA3

Molecular feature Early stage, high expression of 
early cell cycle genes

High expression of late cell 
cycle genes

The highest immune infiltra-
tion of NMIBC

Dormant 
state of 
disease

Prognosis Good The poorest Poor

Lund taxonomy applied to 
NMIBC

UroA UroB UroC GU

Expression Urothelial differentiation signature, 
FGFR3

KRT5
CDH3
MYC

MYCL
MYCN

MYCL
MYCN

Genomic alternation FGFR3
KDM6A
RAS
TERT
PIK3CA

RAS
CDKN2A deletion
Loss of TP53
TERT
PIK3CA

TP53
TERT
PIK3CA

RB1
TP53
Loss of 

TP53
Loss of RB1
E2F3 

amplifica-
tion

TERT
PIK3CA
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genes related to EMT and cancer stem cell marker expres-
sion, but class IIb tumors are not highly associated with cell 
proliferation gene expression. Class IIb tumors exhibit the 
highest rates of infiltration by immune cells compared with 
the remaining NMIBC classes [8]. Class IIb tumors might 
be sensitive to immunotherapy [38, 39], as class IIb tumors 
exhibit the highest levels of immune-checkpoint marker 
expression [8].

Elevated activity of AR and GATA3 regulons is seen 
in class III tumors, whereas elevated ERBB3, ESR2, and 
FOXM1 regulon activity can be seen in class IIa tumors. 
Class IIb tumors show the high activity of PGR, RARB, 
STAT3, FGFR3, and ESR1 regulons (Table 3). With regard 
to epigenetic processes, research has revealed that class I 
tumors have more methylated gene promoters than those of 
class III. The highest numbers of single nucleotide variants 
are seen in class IIa tumors [8]. Immunochemical staining 
of GATA3 and CK5/6 as markers of luminal and basal dif-
ferentiation, revealed that all of the analyzed NMIBC tumors 
were GATA3 positive, and almost one-third were CK5/6 
positive. Furthermore, CK5/6-positive tumors were also 
GATA3-positive. In light of these findings, we should not 
consider NMIBC as luminal or basal by definition [40]. The 
strongest enrichment of CK5/6 expression can be seen in 
class III tumors, which also display high keratin 5 expres-
sion [8].

In general, class II can be considered to include high-
risk tumors exhibiting numerous progression events. Tumors 
from class IIa are characterized by significant APOBEC 
mutation signatures and by a higher RNA-derived muta-
tional load. In comparison, tumors from class IIb exhibit 
enrichment in stem cells and EMT marker expression as 
well as higher infiltration by immune cells, and they exhibit 
a lower risk of progression overall [8]. Hurst et al. [41] 
reached for another approach while analyzing and subtyp-
ing NMIBC tumors. In this study, they analyzed only Ta and 
T1 tumors first combined together and then also separately. 
Combined analysis of Ta and T1 tumors revealed the exist-
ence of 4 subtypes (E1-E4), which aligned well with the 
previously mentioned classification, with class I and class 
III being defined as E1 and E2 subtypes, class IIa as E3 and 
class IIb as E4. When analyzing only Ta tumors, based on 
copy number data and mutational features, they identified 
two genomic subtypes (GS1 and GS2) based mainly on one 
characteristic—loss of 9q, which prevailed in GS2. In GS2, 
there was a higher prevalence of TSC1 mutations, which is in 
line with its location on chromosome 9q. On the other hand, 
GS1 showed a higher occurrence of KMT2D mutations, 
while GS2 exhibited a higher frequency of KMT2A muta-
tions. In 70% of cases, either FGFR3 mutations or HRAS 
mutations were present, but not both simultaneously. When 
considering transcriptional subtypes, within Ta tumors there 
were identified 3 expression subtypes, named TaE1-TaE3. 

The majority of GS1 tumors were found in TaE1 and TaE3, 
whereas TaE2 predominantly contained GS2 tumors and 
high-grade tumors. The best RFS was detected in TaE3 sub-
type. TaE3 exhibited the highest level of interferon signaling 
and there was a significant infiltration by various immune 
cell types. Moreover, TaE3 tumors exhibited heightened 
cytolytic activity. These findings strongly imply that the 
extended RFS observed in TaE3 subtype can be attributed 
to an intensified immune response against tumors.

The expression profile of the TaE1 subtype exhibited a 
heightened presence of genes implicated in the transcrip-
tion of RNA and the synthesis of proteins. Additionally, it 
showcased an abundance of small nucleolar RNAs and the 
expression of transcriptional regulators associated with the 
differentiation of urothelial cells. On the other hand, the 
TaE2 subtype demonstrated a notable enrichment in the 
expression of genes related to late cell cycle processes, the 
response to hypoxia, glycolysis, the maintenance of choles-
terol balance, and the metabolism of fatty acids. The TaE2 
subtype displayed distinct characteristics compared to the 
TaT1 and TaT3 subtypes in terms of regulon activity. Spe-
cifically, it exhibited notable differences in the activity of 
regulons such as E2F1, E2F2, and FOXM1. Conversely, the 
TaT1 and TaT3 subtypes demonstrated higher activity in 
regulons associated with factors involved in urothelial differ-
entiation, as well as the AR, TP53, and TP63 regulons [41].

Within T1 tumors there were identified 4 subtypes based 
on mutational features, designed as T1CN1–T1CN4. T1CN1 
demonstrated minimal copy number alterations, with only 
a few instances of chromosome 9 deletions, but there were 
more single nucleotide variants compared to other subtypes. 
On the other hand, T1CN3 predominantly exhibited losses 
rather than gains. In T1CN1 and T1CN2, FGFR3 mutations 
were found to be more prevalent, while TP53 mutations were 
more common in T1CN3 and T1CN4. Additionally, T1CN1 
exhibited a higher frequency of ERCC2 mutations compared 
to other subtypes. Mutations in genes associated with the 
DNA damage response were frequently detected in the T1E3 
and T1E4 subtypes.

Same as within Ta tumors, also within T1 tumors were 
identified 4 different expression subtypes (T1E1–T1E4). 
T1E1 demonstrated the most favorable PFS, while E1T4 
the poorest PFS among subtypes. RB1 mutation and E2F3 
amplification were exclusively detected in T1E3 and T1E4. 
The occurrence of TP53 mutation was elevated in T1E2, 
T1E3, and T1E4, which exhibited a higher frequency of copy 
number alterations. The T1E1 and T1E2 subtypes exhibited 
a notable increase in the expression of genes involved in the 
initiation of translation, protein targeting, and the biogen-
esis of ribosomes. In contrast, the T1E3 and T1E4 subtypes 
displayed enrichment in the expression of genes associated 
with the immune system and inflammatory response. More-
over, both the T1E2 and T1E4 subtypes showed a shared 
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enrichment in genes related to DNA repair, replication, and 
various metabolic processes. The T1E2 and T1E4 subtypes 
also demonstrated an upregulation of the E2F1 and FOXM1 
regulons, while the activity of PPARγ was reduced in the 
T1E3 and T1E4 subtypes. Many of Ta tumors were classi-
fied as class I from the previous classification system. T1E1 
cases belonged to class I, IIb or III, while T1E4 and part of 
T1E2 fell into class IIa. T1E3 subtype was associated with 
class IIb [41].

Study by Marzouka et al. [42] applied Lund classification 
[12, 13], which was originally created for both, NMIBC and 
MIBC tumors, on cases from the two previously mentioned 
classification systems—the Aarhus group classification [7, 
8] and Hurst classification [41]. The Lund classification sets 
itself apart from other classification systems by focusing 
solely on categorizing tumors based on the characteristics 
of cancer cells, excluding non-tumor cells from the analy-
sis. This approach makes Lund taxonomy unique, as any 
other of the mentioned classifications for NMIBC excluded 
non-tumor cells from their analyses [12, 13]. When Lund 
taxonomy was applied to the Aarhus group cases, 507 out 
of 535 tumors were classified as urothelial, 23 tumors were 
categorized as GU. Furthermore, within the cohort, three 
samples were classified as Ba/Sq, and two samples were 
categorized as mesenchymal-like. Urothelial tumors were 
further divided into subgroups: 443 as UroA, 41 as UroB, 
and 23 as UroC. Out of the 217 cases from Hurst study, clas-
sification was conducted using the Lund system, resulting 
in the identification of 183 UroA cases, 6 UroB cases, 15 
UroC cases, 12 GU cases, and one case classified as the Ba/
Sq subtype. UroA class was defined by the highest levels 
of expression of urothelial differentiation signature, expres-
sion of FGFR3, and also by frequent mutations in FGFR3. 
KDM6A was mutated predominantly in UroA subtype and 
PPARγ mutations were observed solely in UroA tumors, 
and they occurred at relatively low frequencies. TERT and 
PIK3CA genes were mutated in all classes, while RAS muta-
tions were found only in UroA and UroB. STAG2 mutations 
were completely absent in UroC subtype. UroB class showed 
the lowest expression of urothelial differentiation signature, 
almost no detected presence of UPK3A or KRT20 expres-
sion, but high expression of KRT5 and CDH3. UroB tumors 
showed expression of the transcription factor MYC, while 
MYCL and MYCN were not detected. Conversely, UroC and 
GU tumors displayed the opposite pattern, with expression 
of MYCL and MYCN, but not MYC. UroC and GU tumors did 
not exhibit any homozygous deletions of CDKN2A, whereas 
UroB tumors displayed frequent occurrences of such dele-
tions. Expression of FGFR3 was nearly absent in UroC and 
GU subtypes, and both classes showed low expression of 
KRT5 and CDH3. Infiltration by immune and stromal cells 
was found predominantly within UroB and UroC classes. 
Tumor progression was linked with GU class, followed by 

UroB, and tumors of high grade were classified as GU or 
UroC. RB1 mutations were nearly non-existent in all tumor 
subtypes, except for GU. Conversely, TP53 mutations were 
primarily observed in UroC and in GU tumors. For GU 
tumors there were typical TP53 losses (shared with UroB), 
RB1 losses, and E2F3 amplifications (Table 3). The analysis 
uncovered significant genomic alterations in the UroC and 
GU subtypes, notably, nearly all UroC and GU tumors were 
found to be triploid [42]. Molecular features of Aarhus cases 
and Hurst cases corresponded well. The UroC subtype stood 
out as the only notable divergence, with the Hurst UroC 
cases displaying higher rates of TP53 and CDKN2A dele-
tions, as well as CCND1 amplifications, in comparison to the 
Aarhus UroC cases [42]. These findings confirm that Lund’s 
classification is useful and applicable not only for MIBC, but 
also for NMIBC [11–13, 42].

Discussion

The first attempts to classify cancer based on molecular 
signatures were made in breast cancer, where it was first 
described that tumors display a typical luminal or basal phe-
notype characterized by molecular changes [43]. A deeper 
molecular analysis of UC revealed there are several distinct 
subtypes, each with characteristic properties. That gave rise 
to a novel molecular classification of UC. Currently, the 
standard for classifying UC is the TNM classification system 
[4]. The treatment primarily relies on clinical parameters 
(TNM staging), since there are no precise treatments avail-
able that target specific vulnerabilities of the tumor. [44].

Recent evidence suggests that molecular classification 
of UC may provide more precise stratification that could 
impact treatment and patient survival. Molecular differ-
ences between UC subtypes underlie biological differences 
and tumor behavior, which consequently lead to differences 
in aggressiveness, prognosis, and progression. Evidence is 
clear that NMIBC and MIBC are heterogenous groups of 
tumors and that the TNM classification system is not suf-
ficient for the characterization of this heterogeneity. Both 
NMIBC and MIBC tumors exhibit varied responses to ther-
apy; thus, utilization of detailed molecular classification 
information could enhance clinical understanding and aid in 
the management of UC patients. Because of the differences 
in the biological properties of UC subtypes, it is assumed 
that subtypes will exhibit differences in sensitivity or resist-
ance to therapy. Molecular classification of UC tumors has 
the potential to significantly impact and influence the clini-
cal management of MIBC, enabling the tailoring of more 
precise treatments and assessment of treatment response, 
especially with regard to neoadjuvant chemotherapy (NAC) 
of MIBC. The administration of NAC leads to better patient 
survival rates and improvement in pathological downstaging; 
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however, a major response, characterized by the lack of mus-
cle-invasive disease and/or metastasis to lymph nodes, is 
observed in only about 40% of patients [45]. Non-respond-
ers to NAC usually do not obtain a clinical benefit; quite 
contrary, they experience severe toxicity and may have a 
postponement in definitive local therapy [46]. Thus, the 
potential impact of molecular subtyping may be in guiding 
more precise treatment and selection of optimal therapy. For 
instance, the initial proposal of the idea that distinct molecu-
lar subtypes could be indicative of the response to NAC was 
introduced by Choi et al. [9]. In this study, patients who were 
diagnosed with “p53-like” tumors exhibited a reduced rate 
of response to cisplatin-based NAC combination. Neverthe-
less, further validation of this observation in a large patient 
population has not been conducted. By analyzing a large 
group of patients, the study by Seiler et al. presented addi-
tional evidence demonstrating that the outcome after NAC 
differs depending on the molecular subtype [47]. These find-
ings provide evidence in favor of the practical application of 
identifying molecular subtypes of MIBC, with the authors 
concluding that individuals with basal tumors experience 
the greatest advantage from NAC. In contrast, regardless of 
the treatment approach, patients with nonimmune-infiltrated 
luminal tumors had the most favorable outcome in terms of 
their prognosis, suggesting that NAC is not beneficial for 
these patients. The limitation of that study was its retrospec-
tive design, but it clearly showed an association between 
molecular subtype and NAC treatment response [47]. Hence, 
a comprehensive multi-omics analysis of 300 MIBC patients 
treated with chemotherapy was performed to identify molec-
ular alterations linked to the response to treatment [48]. In 
this study, authors used integration of genomic and tran-
scriptomic data, and stratified patients into clusters based on 
their varying probabilities of responding to cisplatin-based 
treatment (basal/squamous gene expression subtype is linked 
to a diminished response to chemotherapy, whereas immune 
cell infiltration and elevated PD-1 protein expression are 
indicative of favorable treatment response) [48].

In clinical trial settings, immune-checkpoint inhibitors are 
employed for patients with MIBC [49]. Mariathasan et al., 
were the first to identify major determinants of the clinical 
outcome of metastatic UC treatment with atezolizumab (an 
immune-checkpoint inhibitor) [38]. The first clinical data 
were published within the PURE-01 trial, which showed 
promise in identifying patients who are more likely to ben-
efit from NAC, while also avoiding the possible harmful 
effects of treatment for others [50, 51].

A recent study of 601 patients revealed that the use of a 
molecular subtyping assay resulted in notable benefits from 
NAC for individuals with non-luminal tumors, while those 
with luminal tumors had only a slight improvement in sur-
vival [52]. In contrast, conflicting results have been reported 
which demonstrate that the response to atezolizumab or 

cisplatin-based chemotherapy does not show any correla-
tion with the molecular subtype of UC [53], which could be 
due to the impact of transurethral resection of the bladder 
tumor before therapy and differences in immune scores [54].

Furthermore, other papers described links between tumor 
microenvironment and response to NAC [55, 56], immuno-
therapy [53, 54, 57], response to the combination of both 
therapies [58], and finally, a study examining intratumoral 
heterogeneity and response to treatment [59]. Indeed, a sig-
nificant body of evidence indicates that treatment response 
depends not only on the molecular subtype of BC but also 
on tumor microenvironment and intratumoral heterogeneity.

Regarding NMIBC, the potential benefit and clinical 
utility of molecular subtyping may be in the more-accurate 
prognostication of recurrence and progression. In a cohort 
of 834 patients, Lindskrog et al. showed that disease aggres-
siveness is associated with immune cell infiltration, genomic 
modifications, and transcriptomic classes. Furthermore, the 
degree of genomic modifications in NMIBC serves as a 
prognostic indicator for the likelihood of progression and 
recurrence, irrespective of other influencing factors; there-
fore, tumors displaying significant chromosomal instability 
need to be treated as high-risk category tumors, irrespective 
of their histopathological results [8]. A recent study sug-
gested the effectiveness of the prognostic significance of the 
molecular signature-based subtype predictor (MSP888) and 
the authors compared its effectiveness to the risk scores of 
the 2021 EAU, CUETO, and EORTC [60]. MSP888 is based 
on molecular signatures, which consists of three distinct sub-
types, MSP888 was proven to distinguish NMIBC patients 
with varied prognoses and responses to bacillus Calmette-
Guérin (BCG) treatment in their previous study [61]. The 
predictive ability of the MSP888 classifier in determining 
the prognosis of NMIBC was found to be very high, propos-
ing that systems that classify tumors based on molecular 
features are superior in accuracy compared to risk scores 
that rely on clinicopathological traits. These results clearly 
indicate a shift in the paradigm based solely on the TNM 
classification system.

The majority of T1 BTs are managed using BCG therapy. 
In the event of recurrence or progression, radical cystec-
tomy is employed, and postponing intervention is linked to 
decreased survival rates [3]. The mechanisms underlying 
BCG response have been investigated in addition to gene 
expression patterns and the tumor microenvironment, and 
these studies showed that patients who do not respond to 
BCG treatment exhibit elevated levels of PD-L1 expres-
sion in their tumors compared to those who respond to 
BCG therapy [62], implying that the tumor microenviron-
ment before treatment is a critical determinant of the BCG 
response mechanism [8]. A study by Robertson et al. inves-
tigated the molecular heterogeneity of primary T1 tumors by 
performing RNA sequencing on 73 samples, with a primary 
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objective of evaluating recurrence following BCG treatment. 
Five different molecular subtypes of T1 tumors were discov-
ered, which seemed to correlate with two primary categories 
of regulon activity and different responses to BCG treat-
ment [63]. These studies indicate that molecular subtyping 
may shed light on the treatment and selection of BCG non-
responders, leading to more-precise treatment regimens in 
the future.

Molecular subtyping and gene expression has enhanced 
our comprehension of UC biology in contrast to the conven-
tional classification system, as it mirrors the inherent prop-
erties of tumors and anticipates the prognosis and respon-
siveness to treatment for patients suffering from UC. The 
critical role of precise identification of MIBC patients who 
are most likely to achieve optimal outcomes with neoadju-
vant checkpoint inhibitor therapy, either as monotherapy or 
in conjunction with NAC, cannot be overstated in guiding 
future treatment approaches. Given the enormous amount of 
information in recent years, using “multi-omics” analysis, 
differences in intratumor environment, and heterogeneity, 
artificial intelligence may appear to be a “game changer” to 
model and tailor treatment in the near future [64, 65].The 
molecular classification of UC has not yet been officially 
approved by any oncology society and remains unstandard-
ized, as several groups have created nomenclatures that may 
be confusing and unsuitable for clinical utilization. There 
is a need for consensus that takes into account molecular, 
biological, clinical, and prognostic features of tumors, with 
close cooperation between expert societies (e.g., EAU, 
AUA) based on well-designed clinical trials and evidence-
based medicine. Nevertheless, molecular subtyping repre-
sents a path toward personalized and precision medicine that 
may change the guidelines of major medical societies in the 
near future.

Conclusions

Classification based on gene expression and genomic alter-
nations enhances understanding of tumor behavior and may 
aid in tailoring treatments, thus improving the prognosis of 
UC patients. Achievement of classification consensus could 
pave the way for well-designed prospective clinical trials 
that include molecular subtyping, which could change cur-
rent guidelines and treatment approaches for UC patients.

Acknowledgements We thank David Robinette, Ph.D. from Science-
Docs Inc. for English language editing.

Author contributions Conceptualization, manuscript editing, manu-
script review, manuscript review SZ and LD. Investigation and data 
curation LS and ZVN. Writing-original draft LS.

Funding Open access funding provided by The Ministry of Education, 
Science, Research and Sport of the Slovak Republic in cooperation 

with Centre for Scientific and Technical Information of the Slovak 
Republic. This publication was supported by the Operational Program 
Integrated Infrastructure for the project: Increasing the capacities and 
competences of the Comenius University in research, development, 
and innovation 313021BUZ3, co-financed from the resources of the 
European Regional Development Fund and by the grant of Comenius 
University under number UK/41/2023.

Data availability No additional data are available.

Declarations 

Conflict of interest The authors declare that they have no conflicts of 
interest.

Ethical approval Not Applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Dyba T, Randi G, Bray F et al (2021) The European cancer burden 
in 2020: incidence and mortality estimates for 40 countries and 
25 major cancers. Eur J Cancer 157:308–347. https:// doi. org/ 10. 
1016/j. ejca. 2021. 07. 039

 2. Kirkali Z, Chan T, Manoharan M et al (2005) Bladder cancer: epi-
demiology, staging and grading, and diagnosis. Urology 66:4–34. 
https:// doi. org/ 10. 1016/j. urolo gy. 2005. 07. 062

 3. van den Bosch S, Alfred Witjes J (2011) Long-term cancer-
specific survival in patients with high-risk, non–muscle-invasive 
bladder cancer and tumour progression: a systematic review. Eur 
Urol 60:493–500. https:// doi. org/ 10. 1016/j. eururo. 2011. 05. 045

 4. Edge SB, Byrd DR, Compton CC, Fritz AG, Greene FL, Trotti 
A (2010) Urinary bladder. In: Edge SB, Byrd DR, Compton CC, 
Fritz AG, Greene FL, Trotti A (eds) AJCC cancer staging manual, 
7th edn. Springer, France, pp 497–505

 5. Babjuk M, Burger M, Capoun O et al (2022) European association 
of urology guidelines on non-muscle-invasive bladder cancer (Ta, 
T1, and Carcinoma in Situ). Eur Urol 81:75–94. https:// doi. org/ 
10. 1016/j. eururo. 2021. 08. 010

 6. Chang SS, Bochner BH, Chou R et al (2017) Treatment of non-
metastatic muscle-invasive bladder cancer: AUA/ASCO/ASTRO/
SUO guideline. J Urol 198:552–559. https:// doi. org/ 10. 1016/j. 
juro. 2017. 04. 086

 7. Hedegaard J, Lamy P, Nordentoft I et al (2016) Comprehensive 
transcriptional analysis of early-stage urothelial carcinoma. Can-
cer Cell 30:27–42. https:// doi. org/ 10. 1016/j. ccell. 2016. 05. 004

 8. Lindskrog SV, Prip F, Lamy P et al (2021) An integrated multi-
omics analysis identifies prognostic molecular subtypes of non-
muscle-invasive bladder cancer. Nat Commun 12:2301. https:// 
doi. org/ 10. 1038/ s41467- 021- 22465-w

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ejca.2021.07.039
https://doi.org/10.1016/j.ejca.2021.07.039
https://doi.org/10.1016/j.urology.2005.07.062
https://doi.org/10.1016/j.eururo.2011.05.045
https://doi.org/10.1016/j.eururo.2021.08.010
https://doi.org/10.1016/j.eururo.2021.08.010
https://doi.org/10.1016/j.juro.2017.04.086
https://doi.org/10.1016/j.juro.2017.04.086
https://doi.org/10.1016/j.ccell.2016.05.004
https://doi.org/10.1038/s41467-021-22465-w
https://doi.org/10.1038/s41467-021-22465-w


7876 Molecular Biology Reports (2023) 50:7867–7877

1 3

 9. Choi W, Porten S, Kim S et al (2014) Identification of distinct 
basal and luminal subtypes of muscle-invasive bladder cancer 
with different sensitivities to frontline chemotherapy. Cancer Cell 
25:152–165. https:// doi. org/ 10. 1016/j. ccr. 2014. 01. 009

 10. Robertson AG, Kim J, Al-Ahmadie H et al (2017) Comprehensive 
molecular characterization of muscle-invasive bladder cancer. Cell 
171:540-556.e25. https:// doi. org/ 10. 1016/j. cell. 2017. 09. 007

 11. Sjödahl G, Lauss M, Lövgren K et al (2012) A molecular tax-
onomy for urothelial carcinoma. Clin Cancer Res 18:3377–3386. 
https:// doi. org/ 10. 1158/ 1078- 0432. CCR- 12- 0077-T

 12. Sjödahl G, Eriksson P, Liedberg F, Höglund M (2017) Molecular 
classification of urothelial carcinoma: global mRNA classification 
versus tumour-cell phenotype classification. J Pathol 242:113–
125. https:// doi. org/ 10. 1002/ path. 4886

 13. Marzouka N-A-D, Eriksson P, Rovira C et al (2018) A validation 
and extended description of the Lund taxonomy for urothelial car-
cinoma using the TCGA cohort. Sci Rep 8:3737. https:// doi. org/ 
10. 1038/ s41598- 018- 22126-x

 14. Kamoun A, de Reyniès A, Allory Y et al (2020) A consensus 
molecular classification of muscle-invasive bladder cancer. Eur 
Urol 77:420–433. https:// doi. org/ 10. 1016/j. eururo. 2019. 09. 006

 15. Cancer Genome Atlas Research Network (2014) Comprehen-
sive molecular characterization of urothelial bladder carcinoma. 
Nature 507:315–322. https:// doi. org/ 10. 1038/ natur e12965

 16. Seiler R, Gibb EA, Wang NQ et al (2019) Divergent biological 
response to neoadjuvant chemotherapy in muscle-invasive bladder 
cancer. Clin Cancer Res 25:5082–5093. https:// doi. org/ 10. 1158/ 
1078- 0432. CCR- 18- 1106

 17. Hurst CD, Knowles MA (2018) Bladder cancer: multi-omic profil-
ing refines the molecular view. Nat Rev Clin Oncol 15:203–204. 
https:// doi. org/ 10. 1038/ nrcli nonc. 2017. 195

 18. Lindgren D, Frigyesi A, Gudjonsson S et al (2010) Combined 
gene expression and genomic profiling define two intrinsic 
molecular subtypes of urothelial carcinoma and gene signatures 
for molecular grading and outcome. Cancer Res 70:3463–3472. 
https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 09- 4213

 19. Damrauer JS, Hoadley KA, Chism DD et al (2014) Intrinsic sub-
types of high-grade bladder cancer reflect the hallmarks of breast 
cancer biology. Proc Natl Acad Sci U S A 111:3110–3115. https:// 
doi. org/ 10. 1073/ pnas. 13183 76111

 20. Tran MN, Choi W, Wszolek MF et al (2013) The p63 protein 
isoform ΔNp63α inhibits epithelial-mesenchymal transition 
in human bladder cancer cells: role of MIR-205. J Biol Chem 
288:3275–3288. https:// doi. org/ 10. 1074/ jbc. M112. 408104

 21. Chan KS, Espinosa I, Chao M et al (2009) Identification, molecu-
lar characterization, clinical prognosis, and therapeutic targeting 
of human bladder tumor-initiating cells. Proc Natl Acad Sci U S 
A 106:14016–14021. https:// doi. org/ 10. 1073/ pnas. 09065 49106

 22. Ho PL, Kurtova A, Chan KS (2012) Normal and neoplastic 
urothelial stem cells: getting to the root of the problem. Nat Rev 
Urol 9:583–594. https:// doi. org/ 10. 1038/ nrurol. 2012. 142

 23. He X, Marchionni L, Hansel DE et al (2009) Differentiation of 
a highly tumorigenic basal cell compartment in urothelial carci-
noma. Stem Cells 27:1487–1495. https:// doi. org/ 10. 1002/ stem. 92

 24. Cheung KJ, Gabrielson E, Werb Z, Ewald AJ (2013) Collective 
invasion in breast cancer requires a conserved basal epithelial 
program. Cell 155:1639–1651. https:// doi. org/ 10. 1016/j. cell. 2013. 
11. 029

 25. Minoli M, Kiener M, Thalmann GN et al (2020) Evolution of 
urothelial bladder cancer in the context of molecular classifica-
tions. Int J Mol Sci 21:5670. https:// doi. org/ 10. 3390/ ijms2 11656 
70

 26. Biton A, Bernard-Pierrot I, Lou Y et al (2014) Independent com-
ponent analysis uncovers the landscape of the bladder tumor tran-
scriptome and reveals insights into luminal and basal subtypes. 

Cell Rep 9:1235–1245. https:// doi. org/ 10. 1016/j. celrep. 2014. 10. 
035

 27. Dyrskjøt L, Kruhøffer M, Thykjaer T et al (2004) Gene expression 
in the urinary bladder: a common carcinoma in situ gene expres-
sion signature exists disregarding histopathological classification. 
Cancer Res 64:4040–4048. https:// doi. org/ 10. 1158/ 0008- 5472. 
CAN- 03- 3620

 28. Böck M, Hinley J, Schmitt C et al (2014) Identification of ELF3 as 
an early transcriptional regulator of human urothelium. Dev Biol 
386:321–330. https:// doi. org/ 10. 1016/j. ydbio. 2013. 12. 028

 29. Mo Q, Nikolos F, Chen F et al (2018) Prognostic power of a tumor 
differentiation gene signature for bladder urothelial carcinomas. J 
Natl Cancer Inst 110:448–459. https:// doi. org/ 10. 1093/ jnci/ djx243

 30. Eriksson P, Aine M, Veerla S et al (2015) Molecular subtypes 
of urothelial carcinoma are defined by specific gene regula-
tory systems. BMC Med Genom 8:25. https:// doi. org/ 10. 1186/ 
s12920- 015- 0101-5

 31. Rebouissou S, Bernard-Pierrot I, de Reyniès A et al (2014) 
EGFR as a potential therapeutic target for a subset of muscle-
invasive bladder cancers presenting a basal-like phenotype. Sci 
Transl Med 6:244ra91. https:// doi. org/ 10. 1126/ scitr anslm ed. 
30089 70

 32. He F, Mo L, Zheng X-Y et al (2009) Deficiency of pRb family 
proteins and p53 in invasive urothelial tumorigenesis. Cancer Res 
69:9413–9421. https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 09- 2158

 33. Yoshihara K, Shahmoradgoli M, Martínez E et al (2013) Infer-
ring tumour purity and stromal and immune cell admixture from 
expression data. Nat Commun 4:2612. https:// doi. org/ 10. 1038/ 
ncomm s3612

 34. Becht E, Giraldo NA, Lacroix L et al (2016) Estimating the popu-
lation abundance of tissue-infiltrating immune and stromal cell 
populations using gene expression. Genome Biol 17:218. https:// 
doi. org/ 10. 1186/ s13059- 016- 1070-5

 35. Tai G, Ranjzad P, Marriage F et al (2013) Cytokeratin 15 marks 
basal epithelia in developing ureters and is upregulated in a subset 
of urothelial cell carcinomas. PLoS ONE 8:e81167. https:// doi. 
org/ 10. 1371/ journ al. pone. 00811 67

 36. Jung S, Wu C, Eslami Z et al (2014) The role of immunohisto-
chemistry in the diagnosis of flat urothelial lesions: a study using 
CK20, CK5/6, P53, Cd138, and Her2/Neu. Ann Diagn Pathol 
18:27–32. https:// doi. org/ 10. 1016/j. anndi agpath. 2013. 10. 006

 37. Brockdorff N (2013) Noncoding RNA and Polycomb recruitment. 
RNA 19:429–442. https:// doi. org/ 10. 1261/ rna. 037598. 112

 38. Mariathasan S, Turley SJ, Nickles D et al (2018) TGFβ attenuates 
tumour response to PD-L1 blockade by contributing to exclusion 
of T cells. Nature 554:544–548. https:// doi. org/ 10. 1038/ natur 
e25501

 39. Ayers M, Lunceford J, Nebozhyn M et al (2017) IFN-γ-related 
mRNA profile predicts clinical response to PD-1 blockade. J Clin 
Investig 127:2930–2940. https:// doi. org/ 10. 1172/ JCI91 190

 40. Lerner SP, McConkey DJ, Hoadley KA et al (2016) Bladder can-
cer molecular taxonomy: summary from a consensus meeting. 
Bladder Cancer 2:37–47. https:// doi. org/ 10. 3233/ BLC- 150037

 41. Hurst CD, Cheng G, Platt FM et al (2021) Stage-stratified molecu-
lar profiling of non-muscle-invasive bladder cancer enhances bio-
logical, clinical, and therapeutic insight. Cell Rep Med 2:100472. 
https:// doi. org/ 10. 1016/j. xcrm. 2021. 100472

 42. Marzouka N-A-D, Eriksson P, Bernardo C et al (2022) The Lund 
molecular taxonomy applied to non-muscle-invasive urothelial 
carcinoma. J Mol Diagn 24:992–1008. https:// doi. org/ 10. 1016/j. 
jmoldx. 2022. 05. 006

 43. Perou CM, Sørlie T, Eisen MB et al (2000) Molecular portraits 
of human breast tumours. Nature 406:747–752. https:// doi. org/ 10. 
1038/ 35021 093

https://doi.org/10.1016/j.ccr.2014.01.009
https://doi.org/10.1016/j.cell.2017.09.007
https://doi.org/10.1158/1078-0432.CCR-12-0077-T
https://doi.org/10.1002/path.4886
https://doi.org/10.1038/s41598-018-22126-x
https://doi.org/10.1038/s41598-018-22126-x
https://doi.org/10.1016/j.eururo.2019.09.006
https://doi.org/10.1038/nature12965
https://doi.org/10.1158/1078-0432.CCR-18-1106
https://doi.org/10.1158/1078-0432.CCR-18-1106
https://doi.org/10.1038/nrclinonc.2017.195
https://doi.org/10.1158/0008-5472.CAN-09-4213
https://doi.org/10.1073/pnas.1318376111
https://doi.org/10.1073/pnas.1318376111
https://doi.org/10.1074/jbc.M112.408104
https://doi.org/10.1073/pnas.0906549106
https://doi.org/10.1038/nrurol.2012.142
https://doi.org/10.1002/stem.92
https://doi.org/10.1016/j.cell.2013.11.029
https://doi.org/10.1016/j.cell.2013.11.029
https://doi.org/10.3390/ijms21165670
https://doi.org/10.3390/ijms21165670
https://doi.org/10.1016/j.celrep.2014.10.035
https://doi.org/10.1016/j.celrep.2014.10.035
https://doi.org/10.1158/0008-5472.CAN-03-3620
https://doi.org/10.1158/0008-5472.CAN-03-3620
https://doi.org/10.1016/j.ydbio.2013.12.028
https://doi.org/10.1093/jnci/djx243
https://doi.org/10.1186/s12920-015-0101-5
https://doi.org/10.1186/s12920-015-0101-5
https://doi.org/10.1126/scitranslmed.3008970
https://doi.org/10.1126/scitranslmed.3008970
https://doi.org/10.1158/0008-5472.CAN-09-2158
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1186/s13059-016-1070-5
https://doi.org/10.1186/s13059-016-1070-5
https://doi.org/10.1371/journal.pone.0081167
https://doi.org/10.1371/journal.pone.0081167
https://doi.org/10.1016/j.anndiagpath.2013.10.006
https://doi.org/10.1261/rna.037598.112
https://doi.org/10.1038/nature25501
https://doi.org/10.1038/nature25501
https://doi.org/10.1172/JCI91190
https://doi.org/10.3233/BLC-150037
https://doi.org/10.1016/j.xcrm.2021.100472
https://doi.org/10.1016/j.jmoldx.2022.05.006
https://doi.org/10.1016/j.jmoldx.2022.05.006
https://doi.org/10.1038/35021093
https://doi.org/10.1038/35021093


7877Molecular Biology Reports (2023) 50:7867–7877 

1 3

 44. Clark PE, Spiess PE, Agarwal N et al (2016) NCCN guidelines 
insights: bladder cancer, version 2.2016. J Natl Compr Canc Netw 
14:1213–1224. https:// doi. org/ 10. 6004/ jnccn. 2016. 0131

 45. Zargar H, Espiritu PN, Fairey AS et al (2015) Multicenter assess-
ment of neoadjuvant chemotherapy for muscle-invasive bladder 
cancer. Eur Urol 67:241–249. https:// doi. org/ 10. 1016/j. eururo. 
2014. 09. 007

 46. International Collaboration of Trialists, Medical Research Coun-
cil Advanced Bladder Cancer Working Party (now the National 
Cancer Research Institute Bladder Cancer Clinical Studies Group) 
et al (2011) International phase III trial assessing neoadjuvant 
cisplatin, methotrexate, and vinblastine chemotherapy for muscle-
invasive bladder cancer long-term results of the BA06 30894 trial. 
J Clin Oncol 29:2171–2177. https:// doi. org/ 10. 1200/ JCO. 2010. 32. 
3139

 47. Seiler R, Ashab HAD, Erho N et al (2017) Impact of molecular 
subtypes in muscle-invasive bladder cancer on predicting response 
and survival after neoadjuvant chemotherapy. Eur Urol 72:544–
554. https:// doi. org/ 10. 1016/j. eururo. 2017. 03. 030

 48. Taber A, Christensen E, Lamy P et al (2020) Molecular corre-
lates of cisplatin-based chemotherapy response in muscle invasive 
bladder cancer by integrated multi-omics analysis. Nat Commun 
11:4858. https:// doi. org/ 10. 1038/ s41467- 020- 18640-0. Errat um. 
In: NatCo mmun2 02213: 1916

 49. Hahn NM, Necchi A, Loriot Y et al (2018) Role of checkpoint 
inhibition in localized bladder cancer. Eur Urol Oncol 1:190–198. 
https:// doi. org/ 10. 1016/j. euo. 2018. 05. 002

 50. Necchi A, Anichini A, Raggi D et al (2018) Pembrolizumab as 
neoadjuvant therapy before radical cystectomy in patients with 
muscle-invasive urothelial bladder carcinoma (PURE-01): an 
open-label, single-arm, phase II study. J Clin Oncol 36:3353–
3360. https:// doi. org/ 10. 1200/ JCO. 18. 01148

 51. Necchi A, Raggi D, Gallina A et al (2020) Updated results of 
PURE-01 with preliminary activity of neoadjuvant Pembroli-
zumab in patients with muscle-invasive bladder carcinoma with 
variant histologies. Eur Urol 77:439–446. https:// doi. org/ 10. 
1016/j. eururo. 2019. 10. 026

 52. Lotan Y, de Jong JJ, Liu VYT et al (2022) Patients with muscle-
invasive bladder cancer with nonluminal subtype derive greatest 
benefit from platinum based neoadjuvant chemotherapy. J Urol 
207:541–550. https:// doi. org/ 10. 1097/ JU. 00000 00000 002261

 53. Powles T, Kockx M, Rodriguez-Vida A et al (2019) Clinical 
efficacy and biomarker analysis of neoadjuvant atezolizumab in 
operable urothelial carcinoma in the ABACUS trial. Nat Med 
25:1706–1714. https:// doi. org/ 10. 1038/ s41591- 019- 0628-7

 54. Necchi A, Raggi D, Gallina A et al (2020) Impact of molecu-
lar subtyping and immune infiltration on pathological response 
and outcome following neoadjuvant Pembrolizumab in muscle-
invasive bladder cancer. Eur Urol 77:701–710. https:// doi. org/ 10. 
1016/j. eururo. 2020. 02. 028

 55. Ikarashi D, Kitano S, Tsuyukubo T et al (2022) Pretreatment 
tumour immune microenvironment predicts clinical response and 

prognosis of muscle-invasive bladder cancer in the neoadjuvant 
chemotherapy setting. Br J Cancer 126:606–614. https:// doi. org/ 
10. 1038/ s41416- 021- 01628-y

 56. Vollmer T, Schlickeiser S, Amini L et al (2021) The intratumoral 
CXCR3 chemokine system is predictive of chemotherapy response 
in human bladder cancer. Sci Transl Med 13:eabb3735. https:// 
doi. org/ 10. 1126/ scitr anslm ed. abb37 35

 57. Hu J, Othmane B, Yu A et al (2021) 5mC regulator-mediated 
molecular subtypes depict the hallmarks of the tumor microen-
vironment and guide precision medicine in bladder cancer. BMC 
Med 19:289. https:// doi. org/ 10. 1186/ s12916- 021- 02163-6

 58. Zheng X, Xu H, Lin T et al (2022) CD93 orchestrates the tumor 
microenvironment and predicts the molecular subtype and ther-
apy response of bladder cancer. Comput Biol Med 147:105727. 
https:// doi. org/ 10. 1016/j. compb iomed. 2022. 105727

 59. Warrick JI, Sjödahl G, Kaag M et al (2019) Intratumoral hetero-
geneity of bladder cancer by molecular subtypes and histologic 
variants. Eur Urol 75:18–22. https:// doi. org/ 10. 1016/j. eururo. 
2018. 09. 003

 60. Piao X-M, Kim S-K, Byun YJ et al (2022) Utility of a molecu-
lar signature for predicting recurrence and progression in non-
muscle-invasive bladder cancer patients: comparison with the 
EORTC, CUETO and 2021 EAU risk groups. Int J Mol Sci 
23:14481. https:// doi. org/ 10. 3390/ ijms2 32214 481

 61. Kim S-K, Park S-H, Kim YU et al (2021) A molecular signa-
ture determines the prognostic and therapeutic subtype of non-
muscle-invasive bladder cancer responsive to intravesical Bacillus 
Calmette-Guérin therapy. Int J Mol Sci 22:1450. https:// doi. org/ 
10. 3390/ ijms2 20314 50

 62. Kates M, Matoso A, Choi W et al (2020) Adaptive immune resist-
ance to intravesical BCG in non-muscle invasive bladder can-
cer: implications for prospective BCG-unresponsive trials. Clin 
Cancer Res 26:882–891. https:// doi. org/ 10. 1158/ 1078- 0432. 
CCR- 19- 1920

 63. Robertson AG, Groeneveld CS, Jordan B et al (2020) Identifica-
tion of differential tumor subtypes of T1 bladder cancer. Eur Urol 
78:533–537. https:// doi. org/ 10. 1016/j. eururo. 2020. 06. 048

 64. Loeffler CML, Ortiz Bruechle N, Jung M et al (2022) Artificial 
intelligence-based detection of FGFR3 mutational status directly 
from routine histology in bladder cancer: a possible preselection 
for molecular testing? Eur Urol Focus 8:472–479. https:// doi. org/ 
10. 1016/j. euf. 2021. 04. 007

 65. Jiang Y, Huang S, Zhu X et al (2022) Artificial intelligence meets 
whole slide images: deep learning model shapes an immune-hot 
tumor and guides precision therapy in bladder cancer. J Oncol 
2022:8213321. https:// doi. org/ 10. 1155/ 2022/ 82133 21

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.6004/jnccn.2016.0131
https://doi.org/10.1016/j.eururo.2014.09.007
https://doi.org/10.1016/j.eururo.2014.09.007
https://doi.org/10.1200/JCO.2010.32.3139
https://doi.org/10.1200/JCO.2010.32.3139
https://doi.org/10.1016/j.eururo.2017.03.030
https://doi.org/10.1038/s41467-020-18640-0.Erratum.In:NatCommun202213:1916
https://doi.org/10.1038/s41467-020-18640-0.Erratum.In:NatCommun202213:1916
https://doi.org/10.1016/j.euo.2018.05.002
https://doi.org/10.1200/JCO.18.01148
https://doi.org/10.1016/j.eururo.2019.10.026
https://doi.org/10.1016/j.eururo.2019.10.026
https://doi.org/10.1097/JU.0000000000002261
https://doi.org/10.1038/s41591-019-0628-7
https://doi.org/10.1016/j.eururo.2020.02.028
https://doi.org/10.1016/j.eururo.2020.02.028
https://doi.org/10.1038/s41416-021-01628-y
https://doi.org/10.1038/s41416-021-01628-y
https://doi.org/10.1126/scitranslmed.abb3735
https://doi.org/10.1126/scitranslmed.abb3735
https://doi.org/10.1186/s12916-021-02163-6
https://doi.org/10.1016/j.compbiomed.2022.105727
https://doi.org/10.1016/j.eururo.2018.09.003
https://doi.org/10.1016/j.eururo.2018.09.003
https://doi.org/10.3390/ijms232214481
https://doi.org/10.3390/ijms22031450
https://doi.org/10.3390/ijms22031450
https://doi.org/10.1158/1078-0432.CCR-19-1920
https://doi.org/10.1158/1078-0432.CCR-19-1920
https://doi.org/10.1016/j.eururo.2020.06.048
https://doi.org/10.1016/j.euf.2021.04.007
https://doi.org/10.1016/j.euf.2021.04.007
https://doi.org/10.1155/2022/8213321

	Molecular classification of urothelial bladder carcinoma
	Abstract
	Introduction
	Novel molecular classification of MIBC
	Novel molecular classification of NMIBC
	Discussion
	Conclusions
	Acknowledgements 
	References




