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Bladder cancer (BlCa) is an extensively heterogeneous disease
that leads to great variability in tumor evolution scenarios
and lifelong patient surveillance, emphasizing the need for
modern, minimally invasive precision medicine. Here, we
explored the clinical significance of copy number alterations
(CNAs) in BlCa. CNA profiling was performed in 15 patient-
derived xenografts (PDXs) and validated in The Cancer
Genome Atlas BlCa (TCGA-BLCA; n = 408) and Lindgren
et al. (n = 143) cohorts. CDKN2A copy number loss was identi-
fied as the most frequent CNA in bladder tumors, associated
with reduced CDKN2A expression, tumors of a papillary
phenotype, and prolonged PDX survival. The study’s screening
cohort consisted of 243 BlCa patients, andCDKN2A copy num-
ber was assessed in genomic DNA and cell-free DNA (cfDNA)
from 217 tumors and 189 pre-treatment serum samples,
respectively. CDKN2A copy number loss was correlated with
superior disease-free and progression-free survival of non-
muscle-invasive BlCa (NMIBC) patients. Moreover, a higher
CDKN2A index (CDKN2A/LEP ratio) in pre-treatment cfDNA
was associated with advanced tumor stage and grade and short-
term NMIBC progression to invasive disease, while multivar-
iate models fitted for CDKN2A index in pre-treatment cfDNA
offered superior risk stratification of T1/high-grade and
EORTC high-risk patients, enhancing prediction of treatment
outcome. CDKN2A copy number status could serve as a mini-
mally invasive tool to improve risk stratification and support
personalized prognosis in BlCa.

INTRODUCTION
Bladder cancer (BlCa) represents the third most prevalent malig-
nancy, causing considerable morbidity and mortality rates among
men in European countries.1 The predominant histological type, ur-
othelial bladder carcinoma (UBC; 90%), progresses through two
distinct pathways that place significant challenges for clinical man-
Mole
This is an open access article under the CC BY-NC
agement. Non-muscle-invasive BlCa (NMIBC; 75%), although not
considered life-threatening per se, exhibits high propensity rates for
recurrence and progression to invasive stages, whereas muscle-inva-
sive BlCa (MIBC; 25%) displays poor 5-year survival rates by
frequently becoming metastatic and lethal.2–4 Although several recent
advancements in BlCa therapy have improved the response rates and
patient survival, disease prognosis remains inadequate, and personal-
ized treatment persists as a major medical need.5,6 Notably, due to the
high clinical heterogeneity, BlCa monitoring relies on procedure-
based, lifelong follow-up strategies with medical imaging and invasive
interventions, mainly cystoscopies, which have a severe impact on pa-
tient quality of life and impose the highest lifetime costs per patient to
treat on healthcare systems.7 Hence, novel molecular markers
and minimally invasive liquid biopsy tools that can facilitate person-
alized prognosis and tailored therapeutics are of utmost clinical
importance.8

Over the past decade, substantial progress has been achieved in un-
derstanding and elucidating the highly heterogeneous molecular
landscape of bladder tumors.9,10 Besides single-point mutations,
gene-level copy number alterations (CNAs) are tightly intertwined
with gene expression and tumor-related pathway regulation, being
repeatedly associated with urothelial carcinoma development and
progression11–13 To date, recent technological advances have allowed
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researchers to sensitively profile CNAs in both tumor genomic DNA
(gDNA) and circulating cell-free DNA (cfDNA), providing a potent
approach for the individual characterization of a patient’s genomic
spectrum and modern, minimally invasive disease prognosis and
monitoring.14–16 However, there is still limited understanding and
exploitation in the clinical setting for BlCa patients.

In the present study, we explored CNAs landscape in urothelial
bladder tumors, utilizing both patient-derived xenograft (PDX)
mouse models and BlCa patients, highlighting, for the first time,
the copy number loss of CDKN2A (cyclin-dependent kinase inhibitor
2A) as a potent, minimally invasive tool to improve patient risk strat-
ification and support personalized disease prognosis. In this regard,
CNA profiling of 15 PDXs and 2 external validation cohorts (The
Cancer Genome Atlas [TCGA]-BLCA, n = 408;17 Lindgren et al.,
n = 14318) revealed CDKN2A copy number loss as the most frequent
alteration of bladder tumors, correlated with reduced CDKN2A
expression, tumors of a papillary phenotype, and favorable PDX sur-
vival. To support expansion into clinical practice, CNAs of CDKN2A
were analyzed in gDNA of bladder tumors and pre-treatment cfDNA
in a screening cohort of 243 BlCa patients. Our findings highlighted
that CDKN2A copy number loss, both in tumors and cfDNA, serves
as a powerful independent predictor of NMIBC progression to inva-
sive disease following treatment.

RESULTS
Profiling of CNAs in BlCa PDXs

Bladder tumor specimens were grafted in NOD.Cg-Prkdcscid
Il2rgtm1Wjl/SzJ (NSG) mice to successfully generate 15 BlCa-PDX
models (6 NMIBC, 9 MIBC). CNA profiling of PDX models was per-
formed by DNA-sequencing (DNA-seq) (Figure 1A) and highlighted
a wide chromosome 9 loss, with the most deep deletion spanning the
CDKN2A gene locus on 9p21 (Figure 1B). Downstream analysis re-
vealed that the most frequent focal homozygous deletion (HD) and
loss of heterozygosity (LOH) events, were identified in the CDKN2A
(60%), FGFR2 (53%), TSC1 (40%), PTEN (27%), RB1 (20%), TP53
(20%), and CDKN1A (20%) genes, while gains and focal amplifica-
tions were observed in the CCNE1 (33%), ERCC2 (27%), PPARG
(27%), ARID1A (20%), HRAS (20%), FGFR3 (20%), ERBB2 (20%),
CCND1 (13%), and E2F3 (13%) genes (Figure 1C). PDX analysis
demonstrated the loss (HD/LOH) of the CDKN2A gene locus as the
most frequent CNA, which was homozygous deleted in 7 (HD:
46.7%) and heterozygous deleted in 2 (LOH: 13.3%) PDX models
(Figure S1).

To confirm our data, the TCGA-BLCA and Lindgren et al. cohorts
were analyzed as validation cohorts. TCGA-BLCA analysis confirmed
CDKN2A copy number loss (HD/LOH, 43%) as the most frequent
Figure 1. CNA analysis of PDX mouse models

(A) Study design of PDX generation and CNA profiling. (B) CNA profiles of PDXs across

(C–E) Oncoplots of CNAs in PDX tumors (C) and the TCGA-BLCA (D) and Lindgren et al.

PDX and TCGA-BLCA (F) and between the PDX and Lindgren et al. (G) cohorts. (H) Bar g

Lindgren et al. and TCGA-BLCA cohorts. Oncoplots were generated by the cBioPorta
CNA in bladder tumors, followed by TP53 (21%), HRAS (19%),
TSC1 (17%), RB1 (16%), PTEN (13%), ATM (12%), and FGFR2
(10%) focal losses, while the most commonly amplified genes were
E2F3 (16%), PPARG (13%), CCND1 (11%), and MDM2 (9%) (Fig-
ure 1D). Similarly, in the Lindgren et al. cohort, CDKN2A copy num-
ber loss (44%) was the most common alteration, followed by focal los-
ses of HRAS (23%), RB1 (21%), PTEN (21%), and TP53 (19%) and
gains of PPARG (29%), ERBB2 (25%), E2F3 (23%), and CCND1
(18%) (Figure 1E). The high concordance between PDX and valida-
tion datasets (PDX vs. TCGA-BLCA: r = 0.719, p < 0.001; PDX vs.
Lindgren et al.: r = 0.738, p < 0.001; Figures 1F and 1G) confirmed
that PDXmodels mirrored the CNA landscape of primary bladder tu-
mors. Interestingly, CDKN2A displayed the highest HD rates (PDX:
46.7%, TCGA-BLCA: 22.6%, Lindgren et al., 21.3%), demonstrating
the frequent complete loss of the CDKN2A gene locus in urothelial
malignancy, while a similar distribution of CDKN2A deletions was
observed between NMIBC and MIBC patients (Figures 1C–1E, 1H,
and S1).

CDKN2A analysis in PDX models

CDKN2A copy number loss (HD/LOH) exhibited profound effects on
CDKN2A expression in PDX models and the TCGA-BLCA and
Lindgren et al. cohorts, as significantly lower CDKN2A mRNA and
protein levels were detected in bladder tumors harboring CDKN2A
HD/LOH compared to wild-type (WT) tumors (Figures 2A–2C).
Focusing on the survival of PDXmodels, althoughmarginally not sig-
nificant (p = 0.062), CDKN2A loss was correlated with prolonged sur-
vival probability (Figure 2D). Survival analysis based on CDKN2A
expression displayed similar results (p = 0.066), affirming that
reduced CDKN2A expression and copy number loss were both corre-
lated with superior PDX survival (Figure 2E). Moreover, the associa-
tion of CDKN2A copy number status with the most recent molecular
classification system of the TCGA-BLCA dataset (consensusMIBC
2020)12 unveiled the significant prevalence of CDKN2A copy number
loss and lower CDKN2A expression in luminal papillary (LumP) tu-
mors, which are characterized by superior prognosis compared to
other subtypes (p < 0.001; Figures 2F and 2G).

CDKN2A copy number loss in the bladder tumor molecular

background and chemotherapy response

Our results demonstrated the association of CDKN2A copy number
loss with tumors of papillary phenotype and superior disease prog-
nosis, prompting us to get further insights into the role of CDKN2A
copy number loss in the bladder tumor molecular landscape and
treatment response. In this regard, we utilized Cancer Dependency
Map (DepMap; https://depmap.org/portal/) to assess the correlation
of CDKN2A copy number status with the sensitivity/resistance of
32 BlCa cell lines (Figure 3A) to the most commonly used systemic
the genome. Copy number losses are shown in blue and copy number gains in red.

(E) cohorts. (F and G) Pearson correlation dot plot of CNA frequency (%) between the

raph ofCDKN2ACNA frequency (%) in the NMIBC andMIBC of PDXmodels and the

l Oncoprinter tool.
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Figure 2. CDKN2A copy number status in bladder tumors

(A–C) Boxplots presenting the correlation of CDKN2A copy number loss (HD/LOH) with mRNA expression across PDX samples (A), mRNA and protein levels in the TCGA-

BLCA cohort (B), and mRNA levels in the Lindgren et al. cohort (C). The p values were calculated by Mann-WhitneyU (A) and Kruskal-Wallis (B and C) tests. (D and E) Kaplan-

Meier survival curves of PDXmousemodels according toCDKN2A copy number status (D) andCDKN2AmRNA levels (E). The p value was calculated by log rank test. (F) Bar

graphs of CDKN2A copy number status distribution across the molecular subtypes (consensusMIBC 2020) of the TCGA-BLCA cohort. The p values were evaluated by

Fisher’s exact test. (G) Boxplots presenting the correlation of CDKN2A expression between LumP vs. other subtypes and LumP vs. Ba/Sq subtypes. The p values were

calculated by Mann-Whitney U test.
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chemotherapy drugs in BlCa treatment. BlCa cell lines harboring
CDKN2A copy number loss were confirmed to express significantly
reduced CDKN2A mRNA (p < 0.001; Figure 3B) and protein levels
4 Molecular Therapy: Oncology Vol. 32 June 2024
(p < 0.001; Figures 3B and 3C). Moreover, a significantly lower area
under the dose-response curve (AUC; gemcitabine: rs = 0.675,
p = 0.008 [Figure 3D]; methotrexate: rs = 0.376, p = 0.124 [Figure 3G];
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vinblastine: rs = 0.476, p = 0.060 [Figure 3J]) and IC50 (half-maximal
inhibitory concentration) values (gemcitabine: p = 0.015 [Figure 3E];
methotrexate: p = 0.060 [Figure 3H]; vinblastine: p = 0.007 [Fig-
ure 3K]) were documented for BlCa cells with CDKN2A copy number
loss compared to WT ones, highlighting their increased sensitivity to
gemcitabine (Figures 3D–3F), methotrexate (Figures 3G–3I), and
vinblastine. Indicative dose-response curves of cell lines with
CDKN2A copy number loss (e.g., RT4, RT112, KU1919, and
SW780) compared to WT cells (e.g., 5637, HT1376, and TCCSUP)
for gemcitabine, methotrexate, and vinblastine are displayed in
Figures 3F, 3I, and 3L, respectively.

Moreover, gene set enrichment analysis (GSEA) was performed, uti-
lizing the TCGA-BLCA and Lindgren et al. datasets. Intriguingly,
apart from highlighting the role of CDKN2A in G2/M checkpoint
state, our analysis revealed the significant CDKN2A-related enrich-
ment of hallmark oncogenic gene sets, including E2F and MYC tar-
gets as well as DNA repair and epithelial-to-mesenchymal transition
(EMT), underlying the potential involvement of CDKN2A in BlCa
progression (Figures 3M and 3N).

CDKN2A copy number loss was associated with prolonged

event-free survival of NMIBC patients

Motivated by our findings, we studied the clinical value of CDKN2A
copy number status in a screening cohort of 243 BlCa patients,
analyzing both patient tumors (n = 217) and pre-treatment serum
samples (n = 189). Our qPCR-based quantification of CDKN2A
copy number status displayed 100% concordance with both the
DNA-seq data of the 15 PDX models and the known CDKN2A status
(NCI-60/UBC-40 cell line panels) of 10 different cancer cell lines
(Figures 4A and S2).19,20 In our screening cohort, CDKN2A copy
number loss was observed in 37.8% (HD: n = 20, LOH: n = 62) of
the patient bladder tumors, while CDKN2A losses were equally
distributed between NMIBC (39.2%) and MIBC (35.6%) patients
(Figure 4C). Figure 4B presents the REporting recommendations
for tumour MARKer prognostic studies (REMARK) diagram of our
clinical study, while detailed clinicopathological features of the pa-
tients are summarized in Table 1.

Kaplan-Meier and Cox regression analyses were performed to eval-
uate the clinical significance of CDKN2A copy number loss for the
post-treatment outcome of BlCa patients (Figure 5; Tables S1 and
S2). Due to the diverse disease courses, survival analysis was per-
formed separately in the NMIBC and MIBC patients, using tumor
Figure 3. In silico analysis of CDKN2A copy number loss in the bladder tumor

(A) CDKN2A copy number status of BlCa cell lines in the DepMap portal (https://depma

(HD/LOH) with mRNA and protein expression across BlCa cells. (C) Spearman correlati

CNA with area under the dose-response curve (AUC) and IC50 values of BlCa cell lin

The p values were calculated by Mann-WhitneyU test (B, E, H, and K) and Spearman an

CDKN2A copy number loss (e.g., RT4, RT112, KU1919, and SW780) compared to WT

vinblastine (L). (M) Dot plot of GSEA Hallmark analysis of the CDKN2A-related enriche

represents the number of genes, and the color of the dots represents the false discovery

Hallmark analysis in the TCGA-BLCA and Lindgren et al. cohorts.
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relapse and progression as well as metastasis/progression and mor-
tality as clinical endpoints, respectively. NMIBC patients harboring
CDKN2A copy number loss (HD/LOH) displayed superior disease-
free survival (DFS) (p = 0.015; Figure 5A) and progression-free sur-
vival (PFS) (p = 0.028; Figure 5B) compared to CDKN2A diploid/
gain patients, supporting the favorable prognostic value of CDKN2A
loss observed in the PDX mouse models. In this regard, univariate
Cox proportional regression analysis verified the significantly higher
risk for short-term disease recurrence (hazard ratio [HR] = 2.168,
p = 0.010; Figure 5C) and progression (HR = 2.834, p = 0.018; Fig-
ure 5E) of the CDKN2A diploid/gain NMIBC patients. Moreover,
CDKN2A copy number status was highlighted as an independent
predictor of NMIBC relapse (HR = 2.320, p = 0.013; Figure 5D)
and progression to invasive disease stages (HR = 3.069, p = 0.017;
Figure 5F) by multivariate Cox regression models adjusted for tu-
mor stage, grade, patient gender, and age. Separate evaluation of
HD vs. LOH CDKN2A status revealed that TaT1 patients harboring
HD presented significantly extended PFS intervals (p = 0.048; Fig-
ure S3), and none of the CDKN2A HD patients displayed disease
progression within their follow-up time compared to LOH and
diploid/gain patients. Finally, the analysis did not reveal any signif-
icant predictive value of CDKN2A copy number status for MIBC
(Figure S4; Table S2), highlighting its specific nature for NMIBC
outcome.

Clinical utility of CDKN2A copy number status in pre-treatment

cfDNA

The powerful prognostic significance of CDKN2A copy number sta-
tus in bladder tumors prompted us to exploit its clinical value in pa-
tient pre-treatment cfDNA. The analysis highlighted the association
of a higher CDKN2A index (CDKN2A/LEP ratio) in pre-treatment
cfDNA with muscle-invasive (T2–T4) compared to superficial tu-
mors (TaT1) (p < 0.001; Figure 6A) as well as with higher pathological
tumor stages (p < 0.001; Figure 6B) and grade (p% 0.001; Figures 6C
and 6D).

Moreover, Kaplan-Meier (Figures 6 and S5) and Cox regression (Fig-
ure 6; Tables S3 and S4) analyses were performed to evaluate the clin-
ical significance of the CDKN2A index in pre-treatment cfDNA for
disease course. In line with the results in tumor specimens, both
Kaplan-Meier curves (p = 0.012; Figure 6E) and univariate Cox
regression analysis (HR = 2.954; p = 0.013; Figure 6F) clearly illus-
trated the notably higher risk for short-term progression to invasive
disease of TaT1 patients with a higher CDKN2A index. Finally,
molecular background and chemotherapy response

p.org/portal/). (B) Boxplots presenting the correlation of CDKN2A copy number loss

on of CDKN2A mRNA and protein levels in BlCa cells. (D–L) Correlation of CDKN2A

es for gemcitabine (D and E), methotrexate (G and H), and vinblastine (J and K).

alysis (C, D, G, and J). Shown are indicative dose-response curves of BlCa cells with

cells (e.g., 5637, HT1376, and TCCSUP) for gemcitabine (F), methotrexate (I), and

d gene sets in the TCGA-BLCA and Lindgren et al. cohorts. The size of the dots

rate (FDR) q value. (N) Enrichment plots for the top four gene sets enriched in GSEA
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Figure 4. CDKN2A copy-number status screening in BlCa patients

(A) Comparison of CDKN2A copy number status between DNA-seq and qPCR in PDX models (left) and NCI-60/UBC-40 cell line panels and qPCR in 10 selected cell lines

(right). (B) REMARK diagram of the study. (C) Distribution of CDKN2A copy number status in tumors of our BlCa screening cohort.
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multivariate Cox models, adjusted for tumor stage, grade, patient
gender, and age, clearly confirmed the worse prognosis of NMIBC pa-
tients with a higher cfDNA CDKN2A index independent of the clin-
ically used disease markers (HR = 2.616, p = 0.039; Figure 6G). Similar
to tumor CDKN2A status, the survival analysis did not highlight any
statistically significant correlation with MIBC outcome (Table S4).

Analysis ofCDKN2A copy number status in pre-treatment cfDNA

improves the prognostic value of the established and clinical

used disease markers

The independent clinical value of CDKN2A index in cfDNA for
NMIBC outcome prompted us to evaluate its ability to strengthen
the prognostic significance of the established disease markers. Multi-
variate models integrating cfDNA CDKN2A index with disease clin-
ical markers clearly offered superior risk stratification and positive
prediction of NMIBC progression to muscle-invasive disease (Fig-
ure 7). In this regard, the elevated CDKN2A index in pre-treatment
cfDNA effectively distinguished T1HG patients at higher risk for pro-
gression (p = 0.001; Figure 7A). Similarly, a higher cfDNA CDKN2A
index was associated with short-term progression among European
Organisation of Research and Treatment of Cancer (EORTC) high-
risk patients (p = 0.020; Figure 7B). Ultimately, decision curve anal-
ysis (DCA) analysis of cfDNACDKN2A index-fittedmultivariate pre-
diction models, combining CDKN2A index with tumor stage, grade,
and EORTC risk group clearly demonstrated the superior net benefit
for the prediction of short-term progression of NMIBC patients
compared to the control model of the established clinical markers
alone (Figure 7C).

DISCUSSION
Despite the significant progress in BlCa therapy, the high rates of
tumor recurrence/mortality and drug resistance remain major ob-
stacles in efficient clinical management. An improved understand-
ing of the genetic mechanisms underlying BlCa progression could
be exploited to ameliorate non-invasive molecular diagnostics and
tailored therapeutics.21–23 Here, utilizing PDX mouse models and
BlCa patient cohorts, we performed, for the first time, an integrative
analysis of CNAs in bladder tumors and unveiled the clinical utility
of both tumor and cfDNA copy number status of CDKN2A in
improving personalized prognosis and prediction of BlCa patient
treatment outcome.

DNA-seq of PDX models highlighted that CDKN2A displays the
highest HD and LOH rates in UBC, which were further confirmed
in the TCGA-BLCA and Lindgren et al. validation cohorts. Transcrip-
tional analysis in both PDX models and validation cohorts revealed
that CDKN2A copy number loss (HD/LOH) diminished CDKN2A
expression and was associated with low-risk LumP tumors and pro-
longed PDX survival. Additionally, CDKN2A copy number loss was
correlated with higher sensitivity of BlCa cells in gemcitabine,
Molecular Therapy: Oncology Vol. 32 June 2024 7
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Table 1. Detailed clinicopathological features of the screening cohort

Variable

No. of patients (n = 243)

BlCa gDNA cohort
tissue (n = 217)

BlCa cfDNA cohort
serum (n = 189)

Disease

NMIBC (Ta, T1) 130 (59.9%) 103 (54.5%)

MIBC (T2–T4) 87 (40.1%) 86 (45.5%)

Tumor stage

pTa 68 (31.3%) 53 (28.0%)

pT1 62 (28.6%) 50 (26.5%)

pT2 35 (16.1%) 33 (17.5%)

pT3/T4 51 (23.5%) 53 (28.0%)

Grade (WHO 2004)

Low 80 (36.9%) 61 (32.3%)

High 137 (63.1%) 128 (67.7%)

Grade (WHO 1973)

1 21 (9.7%) 20 (10.6%)

2 74 (34.1%) 52 (27.5%)

3 122 (56.2%) 117 (61.9%)

Gender

Male 181 (83.4%) 154 (81.5%)

Female 36 (16.6%) 35 (18.5%)

NMIBC (TaT1)

EORTC risk group

Low risk 21 (16.2%) 18 (17.5%)

Intermediate risk 39 (30.0%) 29 (28.2%)

High risk 70 (53.8%) 56 (54.3%)

Disease monitoring

Follow-up patients 118 96

Recurrence/progression 49 (41.5%)/26 (22.0%) 41 (42.7%)/23 (24.0%)

Mean DFS 46.57 months 45.71 months

Mean PFS 59.77 months 58.44 months

Excluded from follow-up 12 7

MIBC (T2–T4)

Disease monitoring

Follow-up patients 77 83

Progression/death 49 (63.6%)/43 (55.8%) 54 (65.1%)/48 (57.8%)

Mean DFS 50.82 months 48.62 months

Mean overall survival 58.43 months 55.53 months

Excluded from follow-up 10 3

Molecular Therapy: Oncology
methotrexate, and vinblastine, while GSEA of the TCGA-BLCA and
Lindgren et al. cohorts highlighted the CDKN2A-related enrichment
of hallmark oncogenic gene sets, including E2F and MYC targets as
well as the G2M checkpoint, DNA repair, and EMT. Prompted by
our results, we developed an in-house qPCR assay for the analysis
of CDKN2A copy number status in our screening BlCa cohort,
8 Molecular Therapy: Oncology Vol. 32 June 2024
confirming the high prevalence of CDKN2A copy number loss in ur-
othelial cancer. The survival analysis of our screening cohort demon-
strated the superior prognosis and treatment outcome of TaT1 pa-
tients with CDKN2A deletions compared to CDKN2A diploid/gain
patients, independent of the established disease markers and patient
clinicopathological data, further validating the favorable prognostic
utility of CDKN2A copy number loss observed in the PDX mouse
models.

While cystoscopies are currently the gold-standard clinical tool for
BlCa management, sampling restrictions may lead to tumor under-
staging and inadequate representation of disease heterogeneity, all
while subjecting patients to invasive procedures.24 In this regard,
liquid biopsies hold great promise as new, minimally invasive tool,
with significant implications in clinical practice. Given the potent
clinical utility of CDKN2A copy number status in NMIBC prognosis,
we further interrogated its value in pre-treatment patients’ circula-
tion. Notably, NMIBC patients with a high CDKN2A index in pre-
treatment cfDNAwere strongly associated with advanced tumor stage
and grade, along with a significantly higher risk for short-term disease
progression following transurethral tumor resection, independent of
patients’ clinicopathological data. In this regard, cfDNA CDKN2A-
fitted multivariate models significantly ameliorated risk stratification
and prognosis of NMIBC, resulting in the advanced positive predic-
tion of disease progression within the clinically heterogeneous group
of T1HG and EORTC-high risk patients. The superior risk stratifica-
tion of NMIBC patients using cfDNA CDKN2A-fitted models could
be applied in clinical practice and support personalized treatment/
monitoring decision-making. In this regard, NMIBC patients at
higher risk for progression to higher/invasive stages could be consid-
ered candidates for HR-like treatment/management by being sub-
jected to prolonged intravesical bacillus Calmette-Guérin (BCG)
administration (induction plus maintenance BCG for 3 years) or to
immediate radical cystectomy (RC) in shared decision-making, also
raising patients’ awareness. Moreover, a risk-based follow-up strategy
for NMIBC patients could also be utilized to reduce healthcare sys-
tems’ economic burden and raise patients’ quality of life.

CDKN2A encodes for the cycle-dependent kinases p14ARF/p16INK4A,
while its activation has been closely associated with senescence.25 In a
clinical approach, the value of CDKN2A in BlCa prognostication has
proven to be controversial. CDKN2A deletion and/or decreased
p16INK4A expression has been documented to predict BlCa progres-
sion and lead to immune checkpoint therapy resistance.26,27 Howev-
er, new studies have highlighted a multifaceted role of CDKN2A in
BlCa development. In this regard, and in line with our findings,
CDKN2A copy number loss and/or reduced gene expression has
been associated with luminal/papillary bladder tumors,17,18,28 while
p14ARF/p16INK4A overexpression has been correlated with inferior
survival expectancy of NMIBC patients and poor chemotherapy
response of MIBC patients.29–32

Mechanistically, p14ARF and p16INK4A inhibit cell cycle progression
and were initially described as potent tumor suppressors;33 however,
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recent evidence has unveiled their pro-survival functions. In partic-
ular, p14ARF-induced stabilization of FAK and SLUG, contributes
to cervical and prostate cancer cell growth/proliferation, respectively,
while human papillomavirus (HPV)-associated tumors induce
p16INK4A expression to sustain their survival.34–36 Moreover, senes-
cent cancer cells are characterized by high levels of p16INK4A,37,38

and senolytic treatment strategies targeting p16INK4A-high senescent
cells efficiently increase the chemotherapy response and survival of
glioblastoma- and breast cancer-bearing mice39,40 Although the role
of CDKN2A has not yet been clarified in bladder tumors, future
studies will pave the way to unveil the causal link between its function
and the strong clinical value in NMIBC prognosis and post-treatment
outcome.

In conclusion, our study aimed to evaluate CNA emergence and
clinical application in BlCa. Following the establishment and CNA
profiling of PDX mouse models, CDKN2A copy number loss was
highlighted as the most frequent CNA in bladder tumors and corre-
lated with reduced CDKN2A expression, LumP tumors, and pro-
longed survival of the PDX models. The analysis of bladder tumors
and pre-treatment cfDNA of the BlCa patient cohort clearly high-
lighted CDKN2A copy number status as a powerful independent in-
dicator of NMIBC patient prognosis. Finally, we demonstrated that
cfDNA CDKN2A index-fitted multivariate models offered superior
risk stratification of NMIBC patients and improved prediction of
post-treatment outcome compared to the clinically used disease
markers, endorsing CNA analysis of CDKN2A in pre-treatment
cfDNA for modern non-invasive precision medicine of BlCa
patients.

MATERIALS AND METHODS
PDX mouse models

Primary bladder tumor samples (up to 5 mm, depending on tumor
availability) were grafted subcutaneously in 6-week-old NSG mice
(stock number 005557) obtained from The Jackson Laboratory (Bar
Harbor, ME, USA). Mice were anesthetized with an intraperitoneal
injection of a ketamine:xylazine solution (90 mg/kg ketamine and
10 mg/kg xylazine).41 Tumors were allowed to reach a size up to
1 cm in diameter, and then mice were euthanized by cervical disloca-
tion. During this period, tumor dimensions were measured weekly
with calipers. Mice were closely monitored and sacrificed when tu-
mors reached a size of 1 cm or displayed physical signs of discomfort,
such as severe body weight loss or ulceration. The growth time from
implantation varied from 1 to 7 months. Grafted tumors that failed to
grow within 8 months (�30%) were considered “no take.”42 Har-
vested PDX tumors were snap frozen for future implantation and/
or stored at �80�C for subsequent molecular analysis. Tumor seg-
ments for future implantation were placed in cryovials containing
Figure 5. CDKN2A copy number loss is associated with superior event-free su

(A and B) Kaplan-Meier survival curves for disease-free survival (DFS; A) and progressi

status. The p values were calculated by log rank test. (C–F) Forest plots of the univaria

NMIBC patients. Internal validation was performed by bootstrap Cox proportional regre

confidence interval of the estimated HR.
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1.5 mL of cryopreservation medium: 5% DMSO/95% fetal bovine
serum (Sigma-Aldrich). Cryotubes were put in a freezing container
containing isopropanol, placed in an �80�C freezer overnight, and
transferred to a liquid nitrogen tank the next day. Mice were housed
in individually ventilated cages under specific pathogen-free condi-
tions at the Biomedical Research Foundation of the Academy of
Athens (BRFAA) animal facility. All experiments were performed
in compliance with national and international legislation and were
approved by the BRFAA Committee of Ethics on Animal Experi-
ments and the Attica Prefecture.

Screening cohort

The screening cohort of the study consisted of 243 patients diagnosed
with primary BlCa at “Laiko” General Hospital (Athens, Greece).
Fresh-frozen bladder tumors were obtained following transurethral
resection of bladder tumor (TURBT) for NMIBC patients (TaT1)
or RC forMIBC patients (T2–T4), while blood samples were collected
prior to surgery. NMIBC patients received adjuvant treatment ac-
cording to European Association of Urology (EAU) guidelines, while
none of the patients received neoadjuvant therapy prior to surgery.
Risk-group stratification of NMIBC patients was carried out accord-
ing to EORTC guidelines. Based on EAU guidelines, post-treatment
follow-up involved cystoscopy and urinary cytology for NMIBC pa-
tients or renal ultrasound and thoracoabdominal computed tomogra-
phy CT/MRI every 3 and 6 months, respectively, for MIBC. If symp-
toms were observed, then supplemental CT/MRI, kidney ultrasound,
and brain MRI/bone scans were performed. Tumor relapse (recur-
rence of an equal/lower pathologic stage) and progression (recurrence
of a higher/invasive stage) of NMIBC was diagnosed by TURBT after
positive cystoscopy results, while recurrence/metastasis of MIBC was
affirmed by CT. During a median follow-up time of 35 months (95%
confidence interval [CI]: 31.36–38.64), 221 patients were successfully
followed up, whereas 22 patients were excluded due to insufficient
monitoring data. Study approval was granted by the Ethics Commit-
tee of “Laiko” General Hospital. The study was conducted in compli-
ance with the ethics standards of the 1975 Declaration of Helsinki, as
revised in 2008. Before sample collection, all patients provided signed
informed consent.

Validation cohorts

The TCGA (TCGA-BLCA project) and Lindgren et al. BlCa cohorts
were utilized as validation cohorts of the study.17,18 TCGA-BLCA
consists of 412 patients diagnosed with UBC (n = 409, including
406 T2–T4 patients), papillary adenocarcinomas (n = 1), epithelial
carcinomas (n = 1), and squamous cell carcinomas (n = 1). Affymetrix
SNP6.0 arrays were used to assess CNAs, while mRNA expression
profiles were generated by paired-end whole-transcriptome RNA
sequencing (Illumina HiSeq platform). CNA and normalized RNA
rvival of NMIBC patients

on-free survival (PFS; B) of the NMIBC cohort according to CDKN2A copy number

te and multivariate Cox regression analysis for DFS (C and D) and PFS (E and F) of

ssion analysis based on 1,000 bootstrap samples. HR, hazard ratio; 95% CI, 95%
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expression data along with the clinical data of the TCGA-BLCA proj-
ect are available and can be explored through the Genomic Data
Commons Data Portal (https://portal.gdc.cancer.gov/projects/
TCGA-BLCA) and the Memorial Sloan Kettering Cancer Center
cBioPortal (http://www.cbioportal.org). For the molecular classifica-
tion of the TCGA-BLCA cohort, we utilized the unified consensus
subtyping system (consensusMIBC 2020) proposed by Kamoun
et al. that differentiates patients into 6 biologically relevant molecular
classes; namely, LumP; luminal nonspecified; luminal unstable;
stroma-rich, basal/squamous; and neuroendocrine-like.12 The
Lindgren et al. cohort includes 145 bladder tumor specimens
[NMIBC = 102; MIBC = 42; Carcinoma in situ (Cis or Tis) = 1], sub-
mitted to genome tiling array [32K bacterial artificial chromosome
(BAC) array], and gene expression array (Illumina HumanHT-12
v.3.0 expression beadchip) analysis for CNA and mRNA expression
profiling, respectively. Publicly available clinical, can, and normalized
RNA expression data were downloaded from the NCBI Gene
Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE32549).

Cell lines

A total of 10 human cell lines were used in the study: T24, TCCSUP,
HTB-9, RT112 (BlCa), MCF-7 (breast cancer), OVCAR-3, SK-OV-3
(ovarian cancer), A549 (lung adenocarcinoma), MOLT-4 (acute T
lymphoblastic leukemia), and 786-O (renal cell carcinoma). Each
cell line was cultured according to the American Type Culture Collec-
tion instructions.

DNA extraction from tumors/cell lines and total RNA purification

from PDX samples

gDNA from cell lines and patients/PDX tumor samples was isolated
using TRI-Reagent (Molecular Research Center, Cincinnati, OH,
USA) following homogenization of 5–10 � 106 cells or 40–100 mg
of fresh-frozen tissue specimens, respectively. Prior to gDNA extrac-
tion, total RNA was also extracted from PDX samples using the
phenol-chloroform method. According to the manufacturer’s in-
structions, gDNA was dissolved and pH adjusted in 8 mM NaOH
and 0.1 MHEPES buffer, total RNA was dissolved in RNA storage so-
lution (Invitrogen, Carlsbad, CA, USA), and both analytes were
stored at �80�C until analysis. The resulting DNA/RNA quality
and concentration were assessed spectrophotometrically using a
BioSpec Nano UV-visible spectrophotometer (Shimadzu, Kyoto,
Japan).

cfDNA extraction from serum samples

5 mL of venous blood was sampled and allowed to clot at room tem-
perature for 30 min before centrifugation at 1,200 � g for 20 min at
4�C. The serum supernatant was collected without disturbing the
Figure 6. High CDKN2A index in pre-treatment cfDNA is associated with wors

(A–D) Boxplots presenting the correlation of theCDKN2A index in pre-treatment cfDNAw

calculated by Mann-Whitney U (A and C) and Kruskal-Wallis (B and D) tests. (E) Kaplan-

pre-treatment cfDNA. The p value was calculated by log rank test. (F and G) Forest plo

patients. Internal validation was performed by bootstrap Cox proportional regression a
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cellular layer and then stored at�80�C until analysis. Prior to cfDNA
extraction, hemolyzed serum samples were excluded from the anal-
ysis by measuring spectrophotometrically free hemoglobin levels us-
ing the Harboe method and Allen correction. 500 mL of serum sample
was used for total cfDNA extraction with the NucleoSpin cfDNA XS
Kit (Macherey-Nagel, Düren, Germany) according to manufacturer’s
instructions. Total cfDNA quantification was performed fluorometri-
cally on the Qubit 2.0 fluorometer (Life Technologies, Carlsbad, CA,
USA) with the dsDNA HS Assay Kit (Life Technologies), while
cfDNA fragment quantification and size distribution were assessed
by capillary electrophoresis using the Agilent 2100 bioanalyzer (Agi-
lent Technologies) with the Agilent High Sensitivity DNA Kit (Agi-
lent Technologies, Santa Clara, CA, USA) according to the manufac-
turer’s instructions.

DNA-seq

For each PDX sample, 10 ng of gDNA was amplified using the Onco-
mine Bladder Panel (Thermo Scientific) to construct DNA libraries
using the Ion AmpliSeq Library Kit (Thermo Scientific). FuPa reagent
was utilized to partially digest the primers, and the produced libraries
were indexed with a unique adapter using the Ion Xpress Barcode
Adapter Kit (Thermo Scientific). All barcoded libraries were purified
using the Agencourt AMPure XP Beads (Beckman Coulter), quanti-
fied with a Qubit 4.0 fluorometer (Thermo Scientific), diluted to 50
pM, and pooled in equimolar proportions. Template preparation,
enrichment, and chip loading were carried out on the Ion Chef system
(Thermo Scientific). Sequencing was performed on S5XL, on a 530
chip, using the Ion 510 & Ion 520 & Ion 530 Kit-Chef Kit (Thermo
Scientific). All procedures were performed according to the manufac-
turer’s instructions.

Bioinformatics analysis

Base calling, demultiplexing, and alignment to the hg19 reference
genome (GRCh37) of the sequencing raw data were performed on
the Torrent Suite 5.10 software (Thermo Scientific) using default pa-
rameters. Variant calling was performed by the VariantCaller
v.5.8.0.19 plug-in and coverage analysis by the coverageAnalysis
v.5.8.0.8 plug-in in Torrent Suite 5.10. The data were further analyzed
on Ion Reporter Software 5.18 for the detection and annotation of
low-frequency somatic variants (SNPs, insertions or deletions, and
CNAs) using the Oncomine Bladder – 530 – w4.2 – DNA – Single
Sample workflow (v.4.2) and the Oncomine Extended (5.18) filter
set. Quality control and coverage metrics of DNA-seq are included
in Table S5.

In silico analysis

The GSEA software (Broad Institute, MA, USA) and MSigDB v.6.2
Hallmark gene set collection were used to identify the enrichment
e prognosis

ith patient tumor stage (A and B) and grade (C and D). The p values (two-sided) were

Meier survival curve for the PFS of the NMIBC cohort according to CDKN2A index in

ts of the univariate and multivariate Cox regression analysis for the PFS of NMIBC

nalysis based on 1,000 bootstrap samples.
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Figure 7. Evaluation of the CDKN2A index in pre-treatment cfDNA improves risk stratification and prediction of NMIBC progression to muscle-invasive

disease

(A and B) Kaplan-Meier survival curves for the PFS of NMIBC patients according toCDKN2A index in pre-treatment cfDNA combined with tumor stage/grade (A) and EORTC

risk group (B). The p values were calculated by log rank test. (C) DCA curves of “cfDNA CDKN2A index-fitted” and “control” multivariate prognostic models for the PFS of

NMIBC patients. Net benefit is plotted against various ranges of threshold probabilities.
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of CDKN2A-related gene sets in the TCGA-BLCA and Lindgren et al.
cohorts. The GSEA software was assessed through Gene Enrichment
Identifier (https://yoavshaul-lab.shinyapps.io/gsea-geni/).43 Gene sets
with absolute normalized enrichment score (NES) > 1.8 and false dis-
covery rate (FDR) q < 0.05 were considered significant and reported.

CNA andmRNA expression profiling as well as response data to gem-
citabine, methotrexate, and vinblastine of BlCa cell lines were ob-
tained through the DepMap portal (https://depmap.org/portal) of
the Broad Institute. The IC50 values represent the drug concentration
that reduced cell viability by 50%, while the area under the AUC is
calculated by plotting percent viability vs. drug concentration.
First-strand cDNA synthesis and CDKN2A expression

quantification

Reverse transcription was performed in a 20-mL reaction by 50 U
MMLV reverse transcriptase (Invitrogen), 40 U recombinant ribonu-
clease inhibitor (Invitrogen), and 5 mM oligo-deoxythymidine
primer, using as template 1 mg of total RNA. Reverse transcription
was performed at 37�C for 60 min, whereas enzyme was inactivated
at 70�C for 15 min.

CDKN2A expression levels were quantified by SYBR-Green
fluorescence-based quantitative PCR (qPCR). Based on published se-
quences, specific CDKN2A (GenBank: NM_058195.4, NM_000077.5;
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F: 50-GAAGGTCCCTCAGACATCCCC-30, R: 50-CCCTGTAGGAC
CTTCGGTGAC-30) and HPRT1 (GenBank: NM_000194.3; F: 50-TG
GAAAGGGTGTTTATTCCTCAT-30, R: 50- ATGTAATCCAGCAG
GTCAGCAA-30) primers were designed to produce specific 120-bp
CDKN2A and 151-bp HPRT1 amplicons. The qPCR assays per-
formed in the QuantStudio 5 Real-Time PCR System (Applied Bio-
systems) in 10-mL reactions consisted of Kapa SYBR Fast Universal
2� qPCR MasterMix (Kapa Biosystems, Woburn, MA, USA),
100 nM of each specific qPCR primer, and 10 ng of cDNA template.
Polymerase activation was performed at 95�C for 3 min, followed by
40 cycles of a denaturation step at 95�C for 15 s and a primer anneal-
ing and extension step at 60�C for 1 min. Following amplification,
melting curve analysis and agarose gel electrophoresis of the products
were used for the discrimination of specific amplicons. CDKN2A
expression was quantified by the 2�DDCT relative quantification
method, using HPRT1 as an internal control for normalization
purposes.

CDKN2A CNA analysis

CNAs of CDKN2A in gDNA and cfDNA samples were analyzed by a
SYBR Green-based qPCR assay using LEP as the diploid reference
gene. According to published sequences and in silico analysis, specific
primers for the CDKN2A (NCBI: 1029; NC_000009.12; F: 50-AT
GCCTGCTTCTACAAACCCAC-30, R: 50-GGAGCCCATACGCA
ACGAGAT-30) and LEP (NCBI: 3952; NC_000007.14; F: 50-CTC
CACCCCATCCTGACCTTA-30, R: 50-AGGTTCTCCAGGTCGTT
GGAT-30) genes were designed for the amplification of specific
119-bp CDKN2A and 116-bp LEP amplicons. The qPCR assays
were performed in 10-mL reactions that included Kapa SYBR Fast
Universal 2� qPCR Master Mix (Kapa Biosystems), 200 nM of
each PCR primer and 1 mL of gDNA or 300 nM of each PCR primer
and 2 mL of cfDNA template in the 7500 Real-Time PCR System
(Applied Biosystems). Polymerase activation was carried out at
95�C for 10 min, followed by 40 cycles of a denaturation step at
95�C for 30 s and a primer annealing and extension step at 60�C
for 1 min. Thereafter, melting curve analysis and agarose gel electro-
phoresis were conducted to assess PCR amplicon specificity.

CDKN2A CNAs were calculated according to the 2�DDCT relative
quantification method, using LEP as the diploid reference gene.44

Standard curves for the identification of the assays’ limit of quantifi-
cation and the determination of optimal cutoff values for CDKN2A
homozygous/hemizygous deletions were constructed using diploid
human gDNA as well as SK-OV-3 and RT112 cell line gDNA with
known HD of CDKN2A (NCI-60/UBC-40 cell line panels19,20,45).
All standard curve assays were performed in triplicate.

Statistical analysis

Statistical analysis was performed by SPSS Statistics 20 software (IBM,
Armonk, NY, USA). Sapiro-Wilk and Kolmogorov-Smirnov tests
were applied to test data’s normal distribution. The non-parametric
Mann-Whitney U and Kruskal-Wallis tests were used to assess the
correlation of CDKN2A copy number status and expression with cat-
egorical clinicopathological features, while the association between
14 Molecular Therapy: Oncology Vol. 32 June 2024
TCGA consensus classes and CDKN2A CNAs was calculated by
Fisher’s exact tests. The similarity of CNA profiles between the
PDX, TCGA-BLCA, and Lindgren et al. cohorts was evaluated by
calculating the Pearson correlation of gene-level CNAs of the
samples.

Kaplan-Meier survival curves using log rank test and Cox propor-
tional regression analysis were implemented for patient survival anal-
ysis. The X-tile algorithm was applied for the optimal selection of the
cutoff values of the cfDNA CDKN2A index (CDKN2A/LEP ratio). In-
ternal validation was performed by bootstrap Cox proportional
regression analysis based on 1,000 bootstrap samples. Finally, DCA
was performed according to Vickers et al. by STATA 13 software
(StataCorp, College Station, TX, USA) in order to evaluate the clinical
benefit of the cfDNA CDKN2A index in patient treatment
outcome.46,47
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