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A B S T R A C T

Introduction: Muscle-invasive bladder cancer (MIBC) represents a genetically heterogeneous disease with limited 
prognostic markers. This study aimed to validate the prognostic relevance of combined alterations in cell cycle 
regulators RB1, p53, and p21 in a broad cohort of MIBC patients undergoing radical cystectomy (RC).
Material and Methods: We analyzed formalin-fixed paraffin-embedded material from MIBC patients who under-
went RC at the Department of Urology, University Hospital, Ludwig-Maximilians-University Munich. Tissue 
microarrays (TMAs) from 251 MIBC patients (pT2-pT4) were constructed, incorporating triplicate cores from 
tumor center and front. Immunohistochemical expression of RB1, p53, and p21 was assessed using a four-grade 
scoring system. Prognostic associations with overall survival (OS) and cancer-specific survival (CSS) were 
evaluated using multivariable Cox regression, Kaplan-Meier curves, and log-rank tests.
Results: We assessed 4518 stainings from 251 patients. Single marker analysis revealed no significant association 
between the loss of RB1, p53, or p21 and OS or CSS. However, the loss of two or three markers was significantly 
associated with worse OS (HR 3.49, 95 % CI 1.28–9.50; p = 0.01) and CSS (HR 11.2, 95 % CI 1.46–86.04; 
p = 0.02).
Conclusions: RB1, p53, and p21 are insufficient as single prognostic markers in MIBC but demonstrate significant 
prognostic relevance when analyzed in combination. These findings underscore the need for multi-marker ap-
proaches in prognostic modeling and personalized treatment strategies for MIBC.

1. Introduction

MIBC encompasses a genetically diverse group of tumors [1], char-
acterized by substantial intratumoral heterogeneity of molecular sub-
types in almost every fourth patient [2]. These tumors demonstrate 
varying degrees of chemosensitivity [3–5]. Despite advances in molec-
ular subtyping and immunohistochemical analysis, prognostic stratifi-
cation for MIBC still relies predominantly on TNM staging [6]. The 
utilization of immunohistochemical markers has been demonstrated to 
be both cost-effective and capable of significantly impacting the field of 
MIBC biology and the development of personalized treatment concepts. 
Many marker studies in bladder cancer patients often do not consider 
co-expression of other markers, have small sample sizes or lack external 

validation [7]. Consequently, the European Association of Urology 
concludes in their current guidelines on MIBC that there is insufficient 
evidence to use tumor mutational burden, molecular variants, immune- 
or other gene expression signatures for the management of patients with 
urothelial cancer [6].

In a recent large multicenter study, Wang et al. evaluated tumor 
samples from 576 patients with pT3 bladder cancer undergoing RC using 
immunohistochemical tissue microarray (TMA) analysis [8]. They 
analyzed 10 markers including three cell cycle regulators (retinoblas-
toma protein (RB1), tumor suppressor protein (p53) and 
cyclin-dependent kinase inhibitor 1 (p21)). The study concluded that 
there was no association between the status of a single marker and 
recurrence risk or overall survival (OS) [8]. However, it was reported 
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that the number of altered cell cycle regulators (RB1, p53 and p21) was 
associated with increased risk of cancer recurrence [8].

RB1, a tumor suppressor gene, is frequently inactivated in various 
malignancies, contributing to tumorigenesis [9]. The tumor suppressor 
protein p53 is widely regarded as the “guardian of the genome” and is 
frequently mutated and inactivated in malignant tumors [10]. One such 
mediator is p21, a tumor suppressor inhibiting cell cycle progression 
[11]. Irreversible defects or dysregulation of RB1, p53 or p21 tumor 
suppressor functions can therefore all lead to tumorigenesis or tumor 
progression in a variety of cancers [9,12,13].

A notable limitation of the study by Wang et al. was its exclusive 
focus on pT3 bladder cancer patients [8]. The present study aimed to 
validate and extend these findings across all MIBC stages (pT2-pT4), 
evaluating the prognostic significance of these markers for overall sur-
vival (OS) and cancer-specific survival (CSS).

2. Material and methods

2.1. Study design and patient cohort

We analyzed formalin-fixed, paraffin embedded material from 251 
patients with muscle-invasive bladder cancer (MIBC) who underwent 
RC at the Department of Urology, Ludwig-Maximilians-University 
Munich between 2004 and 2014. The inclusion criteria were muscle- 
invasive disease, urothelial BC as dominant histology, sufficient histo-
logical material for six tissue cores, adequate tissue quality, and avail-
able clinical follow-up data. Patient follow-up was conducted by postal 
mails at 3 and 12 months after RC, then annually. The study was per-
formed according to the ethical principles for medical research of the 
Declaration of Helsinki. Approval was obtained from the institutional 
ethics committee of the Medical Faculty of the Ludwig Maximilians- 
University Munich (20–179).

2.2. Tissue-microarrays and immunohistochemistry

Formalin-fixed and paraffin-embedded MIBC tissue was collected 
from the archives of the Institute of Pathology. The tumors were 
reviewed once again regarding tumor type, stage and grade by a 
pathologist with extensive experience in genitourinary pathology (DH). 
The same cohort was used before for several other analyses [2,14,15]. 
For tissue microarray analysis (TMA), triplicates of one millimeter tissue 
cores of the tumor front and tumor center from each tumor were 
punched out and embedded in empty recipient paraffin blocks. 
Lymphoid tissue served as an internal control. In a first step, the TMA 
blocks were cut into 4μm sections. Subsequently the sections were 
incubated in CC1 mild buffer (Ventana Medical Systems, Tucson, AZ) for 
30 min at 100 ◦C or in protease 1 for 8 min. Afterwards, the sections 
were stained with anti-p21 antibody (SX118, Dako, 1:25), anti-p53 
antibody (DO-7, Dako, 1:50), anti-RB1 antibody (84-B3–1, Novocastra, 
1:100) for 60 min at room temperature, and visualized using the 
avidin-biotin complex method and DAB. For the immunohistochemical 
stainings the BenchMark XT immunostainer (Ventana Medical Systems, 
Tucson, AZ) was used. A detailed list of the antibodies can be found in 
the Supplementary Table 1. The counterstaining of the cell nuclei took 
place by incubating for 12 min with hematoxylin and bluing reagent 
(Ventana Medical Systems, Tucson, AZ). The stainings were analyzed 
using an Olympus BX50 microscope and Olympus BX46 (Olympus 
Europe). Histological images were required with the digital slide scan-
ner PANNORAMIC 1000 (3DHISTECH).

2.3. Immunohistochemistry scoring

One pathologist (S.S.) evaluated all cases of immunohistochemical 
staining. In accordance to Wang et al. [8], each antigen was analyzed as 
intensity of the expression, using a 0–3 scoring system (0 = absent 
staining, 1 = weak staining, 2 = moderate staining, and 3 = strong 

staining), and distribution of expression in increments of 10 % (0–9). 
Markers with a continuous scale of staining were assessed by rating the 
intensity. Markers where tumor cells are either positive or negative, such 
as RB1, were evaluated based on the percentage of positive cells. In the 
case of a mixed staining behavior, the combination of both methods was 
used. For antigens, which were analyzed by intensity or distribution, 
these values represent the final tumor cell scores, whereby the distri-
bution of the values 0–9 was converted to 0–0.9. For antigens, which 
were evaluated as both intensity score (0–3) and distribution score 
(0–9), the two scores were multiplied and subsequently divided by 10. A 
detailed description of the tumor cell scoring system can be found in 
Supplementary Table 2. In total, six samples were evaluated per patient 
(three cores each from tumor center and tumor front). Patients were 
excluded from further analysis if less than two samples contained tumor 
cells or if the number of negative and positive samples was identic. The 
remaining patients were classified as marker-negative or 
marker-positive depending on whether the majority of samples tested 
negative or positive, respectively. In order to assess intratumoral het-
erogeneity, the concordance of marker expression between tumor front 
and tumor center was evaluated. Patients were excluded from this 
analysis if less than two tissue cores of tumor front or tumor center 
contained tumor cells. The remaining patients were classified as 
concordant if at least two tissue cores from the tumor front and tumor 
center showed the same results; otherwise, they were classified a 
non-concordant.

2.4. Outcomes and statistical analysis

The primary outcome of the present study was the impact of RB1, 
p53 and p21 marker status on OS of MIBC patients undergoing RC. The 
secondary outcomes included (i) the impact of marker status on CSS and 
(ii) the association of marker status and clinicopathological 
characteristics.

Continuous variables were shown as median with interquartile range 
(IQR) and categorical variables were shown as proportions. A two tailed 
t-test for independent samples was performed for comparisons between 
continuous variables. Before every t-test, a Levene test was performed to 
assess equality of variance. A Fisheŕs exact test was used for comparisons 
between categorical variables. Kaplan-Meier curves and log-rank tests 
were used to compare OS and CSS of different marker statuses. The effect 
of the tumor marker status on OS and CSS was evaluated through uni-
variate and multivariable Cox regression analysis adjusted for age, 
gender, T-stage, pathological lymph node status as well as perineural-, 
vascular- and lymphovascular invasion. Included independent variables 
were chosen based on clinical relevance. For all survival outcomes, we 
estimated hazard ratios (HR) with 95 % confidence intervals (CI), and a 
two-sided p-value < 0.05 was considered statistically significant.

3. Results

3.1. Clinicopathological characteristics

The clinicopathological characteristics are shown in Table 1. In total, 
251 MIBC patients undergoing RC were included. The median age was 
68 years and 73 % of patients were male. Histopathologic analysis 
revealed that 21 % of the tumors were organ confined, while 79 % were 
not. Specifically, 21 % were classified as T2, 55 % as T3, and 24 % as T4 
stage. Lymph node metastases were detected in 47 % of patients who 
underwent lymph node dissection. Perineural invasion, vascular inva-
sion, and lymphovascular invasion were observed in 24 %, 16 %, and 
35 % of cases, respectively.

3.2. Immunohistochemical RB1, p53 and p21 status

In total, 4518 tissue cores were evaluated (Fig. 1 and Fig. 2). The 
results for the evaluation of the marker status of RB1, p53 and p21 are 
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shown in Fig. 3. For RB1, 21 out of 239 patients (8.8 %) were scored as 
negative, while 218 (91 %) were evaluated as positive. For p53, 109 out 
of 238 patients (46 %) were assessed as negative, and 129 (54 %) were 
scored as positive. The majority of patients (99 %) were negative for 
p21, while only 2 patients (0.8 %) expressed the marker.

3.3. Intratumoral heterogeneity of RB1, p53 and p21

The intratumoral heterogeneity analysis demonstrated a high 
concordance of marker expression between tumor front and tumor 
center (Supplementary Table 3). Concordant expression of RB1 was 
observed in 185 of 190 cases (97 %), while heterogeneous expression 
was detected in five cases (3 %). With regard to p53 expression, 186 
patients showed homogeneous expression in the tumor front and tumor 
center (96 %), while only eight patients (4 %) demonstrated heteroge-
neous expression. The analysis of p21 expression revealed that homo-
geneous expression was present in 174 cases (98 %), whereas 
heterogeneous expression was detected in 3 cases (2 %).

3.4. Association of marker expression and clinicopathological 
characteristics

The association of marker expression and clinicopathological char-
acteristics is shown in Supplementary Table 4. For RB1, there was no 
significant difference between RB1 negative and positive patients con-
cerning age, gender, T-stage, lymph node status, or perineural-, 

Table 1 
Clinicopathological characteristics of the included muscle- 
invasive bladder cancer patients undergoing radical cys-
tectomy (n = 251). Values are presented as median and inter-
quartile range, or as n (%).

Characteristic n = 251

Age (years) 68 ( ± 11)
Gender 

Male 182 (73 %)
Female 69 (27 %)

T-stage 
T2 52 (21 %)
T3 138 (55 %)
T4 61 (24 %)

Lymph node status 
N0 119 (53 %)
N1 107 (47 %)

Perineural invasion 
PNI 0 189 (76 %)
PNI 1 61 (24 %)

Vascular invasion 
V 0 212 (84 %)
V 1 39 (16 %)

Lymphovascular invasion 
LV 0 162 (65 %)
LVI 1 89 (35 %)

Fig. 1. Study flowchart of the patient selection process. RC: radical cystectomy; MIBC: muscle-invasive bladder cancer, RB1: retinoblastoma protein 1, p53: tumor 
suppressor protein 53, p21: cyclin-dependent kinase inhibitor 1. Patients were excluded, if tumor was found in less than 2 samples in the tissue microarray analysis 
(TMA), or if the number of negative and positive TMA samples was identic.
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Fig. 2. Rating of retinoblastoma protein 1 (RB1), tumor suppressor protein 53 (p53) and cyclin-dependent kinase inhibitor 1 (p21) marker positivity based on 
immunohistochemical analysis of tissue microarrays. IHC Score 0: absent staining, IHC Score 1: weak staining, IHC Score 2: moderate staining, IHC Score 3: strong 
staining. Scale bars: 200 μm (overview) and 50 μm (details).
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vascular- or lymphovascular invasion. A higher proportion of patients 
with pathologically confirmed lymph node metastases was observed in 
p53 negative patients compared to p53 positive patients (55 % vs. 40 %, 
p = 0.03). However, no statistically significant differences were 
observed in any of the other investigated parameters and p53 status. 
Given that only two of 238 patients (0.8 %) were rated as p21 positive, a 
statistical comparison of clinicopathologic characteristics between pos-
itive and negative patients was not feasible.

3.5. Association of marker expression and survival

We performed univariate and multivariable Cox regression analyses, 
adjusting for RB1, p53, and p21 expression status, as well as age, gender, 
local tumor stage, lymph node status, perineural invasion, vascular in-
vasion, and lymphovascular invasion, to evaluate overall survival (OS) 
and cancer-specific survival (CSS). The results for OS are shown in 
Table 2 and for CSS in Table 3. In multivariable analysis, age over 68 
years, T4 local tumor stage and vascular invasion were associated with 
worse OS. T4 local tumor stage and vascular invasion were also asso-
ciated with worse CSS. However, in a single marker analysis, the 
expression of RB1, p53, or p21 did not correlate with OS or CSS.

RB1, p53, and p21 all possess tumor suppressive properties. 
Following the analysis of each marker individually, we evaluated 
whether the loss of two or three markers correlates with worse OS or 
CSS. Among the 233 patients for whom an analysis of all three markers 
was possible, 48 % (112 patients) were negative for zero or one marker, 
while 52 % (121 patients) were negative for two or three markers. Pa-
tients with a loss of two or three markers had a significantly worse OS 
(HR 3.49, 95 % CI 1.28–9.50, p = 0.01) and CSS (HR 11.2, 95 % CI 
1.46–86.04, p = 0.02) in multivariable analysis compared to patients 
with a loss of zero or one marker.

The Kaplan-Meier curve with log-rank test displayed in Fig. 4A also 
revealed a statistically worse OS for patients with a loss of two or three 

Fig. 3. Marker status of retinoblastoma protein 1 (RB1), tumor suppressor protein 53 (p53) and cyclin-dependent kinase inhibitor 1 (p21) after assessment of 6 tumor 
samples per patient (3 of the tumor front and 3 of the tumor center). The number given represents the percentage of patients with negative or positive marker status.

Table 2 
Univariate and multivariable Cox regression analysis for overall survival of muscle-invasive bladder cancer patients undergoing radical cystectomy. RB1: retino-
blastoma protein 1, p53: tumor suppressor protein 53, p21: cyclin-dependent kinase inhibitor 1.

Univariate Multivariable

Characteristic HR 95 % CI p¼ HR 95 % CI p¼

RB1 negative 1.03 0.62–1.69 0.92 0.52 0.21–1.27 0.15
p53 negative 1.23 0.92–1.65 0.16 0.39 0.15–1.01 0.05
p21 negative 1.04 0.57–1.92 0.90 0.60 0.31–1.14 0.12
2 or 3 markers negative 1.42 1.06–1.90 0.02 3.49 1.28–9.50 0.01
Age > 68 years 1.38 1.03–1.84 0.03 1.43 1.06–1.92 0.02
Gender female 1.14 0.82–1.57 0.44 1.25 0.89–1.75 0.20
T-stage  

T3 1.63 1.09–2.44 0.02 1.41 0.93–2.15 0.11
T4 2.44 1.56–3.81 < 0.001 2.15 1.36–3.40 0.001

Positive lymph nodes 1.44 1.07–1.92 0.02 1.27 0.93–1.75 0.13
Perineural invasion 1.37 0.98–1.90 0.06 1.17 0.83–1.66 0.37
Vascular invasion 1.60 1.09–2.36 0.02 1.55 1.03–2.34 0.04
Lymphovascular invasion 1.40 1.03–1.89 0.03 1.13 0.80–1.58 0.50

Table 3 
Univariate and multivariable Cox regression analysis for cancer specific sur-
vival of muscle-invasive bladder cancer patients undergoing radical cystectomy. 
RB1: retinoblastoma protein 1, p53: tumor suppressor protein 53, p21: cyclin- 
dependent kinase inhibitor 1.

Univariate Multivariable

Characteristic HR 95 % CI p¼ HR 95 % 
CI

p¼

RB1 negative 1.11 0.62–1.96 0.73 0.18 0.02, 
1.27

0.09

p53 negative 1.05 0.74–1.49 0.77 0.11 0.01, 
0.80

0.03

p21 negative 1.04 0.51–2.12 0.92 0.59 0.28, 
1.26

0.17

2 or 3 markers 
negative

1.34 0.95–1.88 0.10 11.2 1.46, 
86.04

0.02

Age > 68 years 1.10 0.78–1.55 0.58 1.14 0.80, 
1.61

0.47

Gender female 1.06 0.72–1.56 0.77 1.27 0.84, 
1.90

0.25

T-stage  
T3 1.92 1.15–3.19 0.01 1.60 0.94, 

2.72
0.08

T4 3.14 1.82–5.44 < 0.001 2.63 1.50, 
4.60

0.001

Positive lymph 
nodes

1.43 1.02–2.02 0.04 1.36 0.94, 
1.98

0.10

Perineural 
invasion

1.59 1.09–2.32 0.02 1.37 0.92, 
2.03

0.12

Vascular invasion 1.65 1.05–2.60 0.03 1.65 1.03, 
2.66

0.04

Lymphovascular 
invasion

1.24 0.86–1.78 0.24 1.00 0.66, 
1.50

0.99
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markers (p = 0.02). The results for CSS (Fig. 4B) did not reach statistical 
significance (p = 0.12). The Kaplan-Meier curves with log-rank tests for 
single marker analysis of RB1 and p53 (Supplementary Figure 1 and 2) 
did not reveal any statistically significant differences between patients 
with negative and positive markers. The analysis of p21 was severely 
constrained by the limited number of positive patients (2 out of 238, 
0.8 %). Consequently, the Kaplan-Meier curves and log-rank tests for 
p21 were essentially uninformative.

4. Discussion

This study validates and extends prior findings on the prognostic 
impact of RB1, p53, and p21 loss in MIBC. While single markers lacked 
predictive power, their combined analysis significantly correlated with 
poor survival outcomes, emphasizing the value of multimarker 
approaches.

Immunohistochemical markers such as RB1, p53 and p21 have sig-
nificant potential to enhance our understanding of MIBC biology and to 
provide personalized treatment strategies. While several studies have 
investigated these markers, few have reached firm conclusions due to a 
focus on single-marker analyses, small sample sizes and a lack of long- 
term oncological follow-up data. Furthermore, the validation of these 
studies in external cohorts remains limited. The present study aimed to 
provide external validation of the findings reported by Wang et al., who 
observed an elevated risk of cancer recurrence in patients with pT3 
bladder cancer who experienced a loss of two or more cell cycle regu-
lators [8]. Building upon their analysis, we expanded our study to 

encompass all MIBC stages (pT2-pT4) and conducted a comprehensive 
analysis of the impact on both OS and CSS.

RB1, p53 and p21 are central tumor suppressors and are often found 
inactivated in various tumor types, including bladder cancer [16–18]. A 
key finding of our study is that none of the markers provides sufficient 
prognostic information when analyzed alone. However, a combined loss 
of two or more markers significantly correlates with worse survival 
outcomes, emphasizing the importance of multimarker analysis in the 
routine diagnostic. RB1 mutations are common in bladder cancer and 
are associated with high-grade tumors and drug resistance [8]. Our 
findings suggest that, while RB1 alone is not a strong predictor, it be-
comes critical when assessed alongside p53 and p21, significantly 
worsening patient outcomes. The role of p53 in bladder cancer prognosis 
has been debated, with some studies suggesting it predicts poor out-
comes [8]. Our findings, however, indicate that p53 alone is insufficient 
to predict survival but becomes highly relevant when combined with 
RB1 and p21 loss.

The intratumoral heterogeneity analysis demonstrated a high 
concordance of RB1, p53, and p21 expression between the tumor front 
and center. These findings indicate that, for diagnostic purposes, the 
specific region from which samples are obtained may not be critical, as 
MIBC appears to show relatively homogeneous expression of these 
markers. This finding indicates that the diagnostic accuracy of evalu-
ating RB1, p53, and p21 expression in MIBC can be sustained with a 
reduced number of samples. This has the potential to enhance efficiency 
and reduce associated costs.

Our study underscores the need for a multi-marker approach in 

Fig. 4. A+B: Prognostic impact of marker status in muscle-invasive bladder cancer patients undergoing radical cystectomy: Kaplan-Meier curve for (A) overall 
survival and (B) cancer specific survival in patients with a loss of 0 or 1 marker vs. patients with a loss of 2 or 3 markers. Log-rank test (A) overall survival: p= 0.02, 
(B) cancer specific survival: p = 0.12.
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predicting outcomes for MIBC patients. Individual markers such as RB1, 
p53, and p21 may not provide reliable prognostic information alone, but 
their combined analysis significantly improves prognostic accuracy. 
Future treatment strategies should integrate multi-marker panels to 
identify high-risk patients who may benefit from more intensive 
therapies.

4.1. Limitations

This study has two main limitations. First, its retrospective and 
single-center design limits the generalizability of the results. The patient 
cohort, while well-characterized, may not fully represent the broader 
population of MIBC patients.

Second, immunohistochemical analysis only assesses protein 
expression but does not necessarily reflect functional loss. Future 
studies, incorporating functional assays and next-generation sequencing 
approaches, and employing prospective, multi-center designs could 
complement these analyses to provide a more comprehensive under-
standing of the biological mechanisms underlying marker expression 
patterns.

5. Conclusion

Our comprehensive immunohistochemical analysis of tissue micro-
arrays demonstrates that RB1, p53, and p21 are unsuitable as single 
prognostic markers for MIBC patients undergoing radical cystectomy. 
However, the combined loss of two or three markers was significantly 
associated with worse overall and cancer-specific survival in our study. 
These findings confirm previous research and extend the results to a 
broader cohort (pT2–pT4). Future prognostic models should incorporate 
multi-marker analyses to identify high-risk patients more effectively and 
to personalize therapy accordingly.
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