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Patient derived models of bladder cancer  
enrich the signal of the tumor cell transcriptome  
facilitating the analysis of the tumor cell compartment
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Abstract: The evolving paradigm of the molecular classification of bladder cancer requires models that represent 
the classifications with less heterogeneity. Robust transcriptome based molecular classifications are essential to 
address tumor heterogeneity. Patient derived models (PDMs) are a powerful preclinical tool to study specific tumor 
compartments. We tested if the consensus molecular subtype analysis was applicable to PDMs and evaluated the 
tumor compartment each model represents. PDMs derived from surgical specimens were established as xenografts 
(PDX), organoids (PDO), and spheroids (PDS). The surgical specimens and PDMs were molecularly characterized 
by RNA sequencing. PDMs that were established in immune deficient mice or in vitro significantly downregulated 
transcripts related to the immune and stromal compartments compared to the surgical specimens. However, PDMs 
upregulate a patient-specific bladder cancer cell signal which allowed for analysis of cancer cell pathways indepen-
dent of the tumor microenvironment. Based on transcriptomic signatures, PDMs are more similar to their surgical 
specimen than the model type; indicating that the PDMs retained unique features of the tumor from which the PDM 
was derived. When comparing models, PDX models were the most similar to the surgical specimen, while PDO and 
PDS models were most similar to each other. When the consensus molecular subtype classification system was 
applied to both the surgical samples and the three PDMs, good concordance was found between all samples indi-
cating that this system of classification can be applied to PDO and PDS models. PDMs reduce tumor heterogeneity 
and allow analysis of tumor cells while maintaining the gene expression profile representative of the original tumor.

Keywords: Bladder cancer, patient derived models, xenograft, organoid, spheroid, epithelial to mesenchymal 
transition (EMT)

Introduction

In 2021, over 80,000 new patients are predict-
ed to be diagnosed with bladder cancer with 
17,200 estimated deaths [1]. The majority of 
cases are non-muscle invasive bladder cancer 
(NMIBC) and are treated by cystoscopic resec-
tion, with or without intravesical medical thera-
py instilled directly into the bladder. However, 
approximately a third of newly diagnosed blad-
der cancers are muscle-invasive bladder can-
cer (MIBC). Therapy for these patients consists 
of either a radical cystectomy or definitive 
chemoradiation therapy. Even with definitive 

treatment, the mortality from MIBC remains 
high. Platinum-based chemotherapy continu- 
es to be the mainstay of systemic therapy for 
MIBC. Overall survival remains poor, even th- 
ough outcome is improved with the use of gem-
citabine/cisplatin (G/C) neoadjuvant therapy 
[2]. With the exponential increase in knowledge 
about the molecular taxonomy of bladder can-
cer, additional therapeutic modalities are being 
rapidly developed and need to be tested in pre-
clinical models. Several studies demonstrate 
that PDX models largely retain the same tran-
scriptome, mutations and biological responses 
to therapies as the surgical specimen from 
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which they were derived [3-5]. PDXs can be 
used to evaluate the biological response to 
therapeutic agents and molecular manipula-
tions [3, 5-7]. Studies examining PDXs and 
PDOs from bladder and colorectal carcinoma 
demonstrated that the models maintained sim-
ilar drug response when compared with the 
patient response and had similar genomic mu- 
tation and transcriptome profiles [8, 9].

The recent development of a “consensus” 
molecular subtype for MIBC allows classifica-
tion in the clinic to predict more effective treat-
ment options [10]. The six molecular subtypes 
in the consensus molecular classification, are 
based on transcriptomic analysis of 1750 MIBC 
samples from 6 datasets. The classifications 
arranged from the most to least differentiat- 
ed are: Luminal Papillary (LumP) 24%, Luminal 
Non-Specified (LumNS) 8%, Luminal Unstable 
(LumU) 15%, Stroma-rich 15%, Basal/Squa- 
mous (Ba/Sq) 35%, and Neuroendocrine-like 
(NE-like) 3% [10]. The LumP and Ba/Sq repre-
sent the most common subtypes and account 
for 59% of MIBC cases. LumP and Ba/Sq sub-
types are at opposite ends of the spectrum of 
differentiation. The median overall survival is 
highest for the more differentiated LumP sub-
type, whereas the median overall survival for 
patients with the less differentiated Ba/Sq sub-
type is very poor [10]. However, validation of 
prognostic stratification by subtype has been 
inconsistent in independent studies [11]. There 
are several weaknesses of performing molecu-
lar analysis using bulk tissue. Tissue is com-
prised of multiple components including the 
tumor cells, stroma, and immune compart-
ments. With bulk RNA sequencing approaches, 
the contribution to the overall transcriptome of 
individual tissue components is unclear and 
increases the risk that signals from rare cell 
populations are masked. The ESTIMATE algo-
rithm was developed by Yoshihara et al. [12], to 
analyze tumor signal in a heterogeneous tumor 
by eliminating the immune and stroma signals.

We evaluated if the process of establishing 
PDMs was biased for the growth of certain cell 
types and if PDMs maintain the transcriptome 
of the tumor cell to allow comparison with the 
molecular subtype of the surgical specimen. 
PDM analysis allows detection of transcription-
al changes in tumor cell populations within a 
heterogeneous tumor in pre-clinical studies.

Materials and methods

Ethics statement

All of the tissue samples were collected with 
written consent obtained prior to the collection 
of specimens under an Institutional Review 
Board (IRB)-approved protocol at Roswell Park 
Comprehensive Cancer Center under protocol 
I115707. Animal experiments were conducted 
and approved under our Institutional Animal 
Care and Use Committee (IACUC) protocol at 
Roswell Park.

Human specimen procurement

Human bladder tumor tissue was obtained 
from Roswell Park Comprehensive Cancer 
Center. Patients were consented for the use of 
remnant tissue prior to surgery. Specimens 
were included in these studies, provided that 
the tumor tissue was not needed for diagnostic 
purposes. Patients who declined consent or 
were unable to consent were excluded from 
these studies. Inclusion criteria were bladder 
tumors of all stages, pathology, and treatment 
history from which a minimal of 100 mg of fresh 
remnant tissue was available for distribution. 
Fresh human bladder tissues were procured 
from transurethral resection of bladder tumor 
(TURBT) or radical cystectomies undergoing 
diagnostic and therapeutic resection of bladder 
tumors. Specimens from TURBT procedures 
were from portions of the tumor in the bladder 
lumen. Specimens from cystectomies were 
reviewed by a pathologist as remnant tissue 
not needed for diagnosis. Remnant tissue from 
tumor specimens was obtained from the Pa- 
thology Network Shared Resource at Roswell 
Park under an approved IRB protocol. Tissues 
were stored in static preservation solution 
(Belzer UW® Cold Storage Solution, Bridge to 
Life) up to 16 hours at 4°C. De-identified de- 
mographics (clinical stage, procedure, gender, 
age, ethnicity, smoking status, and treatment 
prior to specimen collection) were obtained 
from Biomedical Research Informatics Shared 
Resource at Roswell Park.

Patient derived models

Xenograft generation: The Experimental Tu- 
mor Model Shared Resource at Roswell Park 
received patient samples for grafting into sex 
matched NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice 
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(JAX, Bar Harbor, ME) hosts, also known as 
NOD SCID gamma (NSG). Patient samples that 
grew in NSG hosts are designated as p0, and 
the next passage in NSG hosts is p1, and so on. 
Bladder tumor pieces (0.5-1 mm3) were dipped 
in Matrigel® (#354234, Corning) and grafted 
subcutaneously into the flank of host NSG mi- 
ce. From each patient sample, 5 sex matched 
NSG hosts were grafted with 2 pieces of patient 
tumors, the number of hosts grafted occasion-
ally varied between 4 and 6, as determined by 
patient tumor size and host animal availability. 
PDX-p0s that grew from the patient sample 
were harvested when tumor volume reached 
1.5 cm3 and 1 tumor piece was grafted per 
host, into 5 host animals to expand the PDX by 
three additional rounds of growth (p1, p2, p3). 
Mice were housed in a limited access barrier 
facility within in the Laboratory Animal Shared 
Resource (LASR), in ventilated cages under 
standard conditions with food and water avail-
able ad libitum. All animal studies were con-
ducted in accordance with the recommenda-
tions in the Guide for the Care and Use of 
Laboratory Animals. Roswell Park is an AAALAC 
International Accredited Animal Program.

Organoid and spheroid generation and culture: 
Tumor tissue from surgical specimens and 
tumors from PDX models (p2-3) was minced 
and enzymatically digested in a modified pro- 
tocol previously published [13, 14]. Briefly, 
samples are incubated in a collagenase II 
(0.28%, #1148090, Sigma), dispase (2.4 Un- 
its/mL, #17105-041, ThermoFisher) and DNA- 

se (0.01%, #10104159001, Sigma) solution in 
DPBS (#14190-144, Invitrogen) in a 50 mL 
flask for 1-2 hours at 37°C with gentle stirring. 
If necessary, red blood cells are removed by 
lysis using RBC lysis buffer, epithelial cells were 
isolated with a Histopaque gradient (#10771, 
Sigma) and plated for 3D culture as previous- 
ly described [14]. Single cells were passed 
through a 100 µm cell strainer and resuspend-
ed in media appropriate for generation of 
organoids [15] or spheroids [16, 17] (Table 1).

For organoid growth, viable suspended cells 
were cultured in 5% Matrigel in defined organ-
oid media using the base R-spondin organoid 
culture system [15] with growth factor condi-
tions adapted for use with urothelial TCC (Table 
1). PDSs and PDOs were expanded at a low 
passage rate of 2-4 after a dispase digestion 
(2.4 Units/ml in DPBS) of Matrigel followed by 
PDO digestion by TrypLE Express (#126040- 
13, ThermoFisher Scientific). Spheroids were 
established by seeding 1×103 viable single 
cells/well in 24-well, ultra-low adhesion plates 
(#734-2779, VWR) in 5% Matrigel in defined 
spheroid media. Once PDOs and PDSs reached 
p2 growth in multiple wells, aliquots were fro-
zen for RNA sequencing.

Authentication of models and patient surgical 
samples: Short tandem repeats (STR) profiles 
were performed by Roswell Park’s Genomic 
Shared Resource to authenticate that PDXs 
were derived from the matching patient sam-
ple. Flash frozen patient tumor samples were 

Table 1. Spheroid and organoid media components
Material Source Product number PDS conc. PDO conc.
Base Media Invitrogen 12637-010 - Advanced DMEM

Invitrogen 11320-033 DMEM/F12 -
B27 Invitrogen 17504-044 2× diluted 50× diluted 
N-acetylcysteine Sigma A9165 - 1.25 mM
EGF Peprotech AF-100-15 10 ng/ml 5 ng/ml
Noggin Peprotech 120-10C - 100 ng/ml
R-spondin 1 R&D Systems 4645-RS-025 - 500 ng/ml or 10% conditioned medium
A83-01 Tocris Bioscience 2939 - 500 nM
FGF10 Peprotech 100-26 - 10 ng/ml
FGF2 Peprotech 100-18B 5 ng/ml 5 ng/ml
Prostaglandin E2 Tocris Bioscience 2296 - 1 μM
Nicotinamide Sigma N0636 - 10 mM
SB202190 Sigma S7076 - 10 μM
Insulin Invitrogen 12585-014 - 4 mg/ml
Y-27632 dihydrochloridea Selleck Chemical S1049 - 10 μM
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collected at the time of procurement and sent 
to the Genomic Shared Resource for DNA  
isolation and STR profile analysis. AmpFLSTR® 
Identifiler® Plus PCR Amplification Kit (#4486- 
467, ThermoFisher Scientific) was used for STR 
profiling which utilizes fifteen STR loci and the 
sex-determining marker Amelogenin. PDX STR 
profile was compared to the patient tumor STR 
profile. A match of patient and PDM was called 
if the STR profile had a ≥90% match.

Histology and immunohistochemisty (IHC)

PDX tissues were formalin fixed and embedded 
in paraffin with the Leica ASP300S processor. 
Serial sections (5 μm) were cut and mount- 
ed on glass slides (#MER7255/90/WH, Me- 
rcedes Medical). Slides were deparaffinized in 
xylene, rehydrated through a graded series of 
alcohol washes, and equilibrated in double dis-
tilled water. Slides were stained with Hema- 
toxylin and Eosin (H&E) using a DAKO Cover- 
stainer. Immunohistochemistry was performed 
using a DAKO PT link. Slides were incubated in 
1× pH6 citrate buffer (#00-5000, Invitrogen) 
for 20 minutes, then for incubation in 3% H2O2 
(#88597, Sigma) for 15 min. To block non-spe-
cific binding, tissues were incubated with 10% 
normal goat serum (#50062Z, Invitrogen) for 
10 min, followed by avidin/biotin block (#SP-
2001, Vector Labs). Primary antibodies of E- 
cadherin (1:500 dilution, #610181, BD Bio- 
sciences), cytokeratin 5 (CK5) (1:1000 dilution, 
#PRB 160p, Covance), cytokeratin 20 (CK20) 
(1:500 dilution, #ab97511, Abcam), synapto-
physin (1:400 dilution, #ab52636, Abcam) and 
vimentin (1:400 dilution, #5741, Cell Signaling) 
were diluted in 1% BSA solution (#BP1605-
100, ThermoFisher Scientific) and incubated 
for 30 minutes at room temperature. All of the 
slides were incubated with the goat anti-rabbit 
biotinylated secondary antibody (1:600 dilu-
tion, #BA1000, Vector Biolabs) for 15 minutes 
at room temperature. For signal enhancement, 
ABC reagent (#PK 6100, Vector Biolabs) was 
applied for 30 minutes. To reveal peroxidase 
activity, slides were incubated with 3,3’-Dia- 
minobenzidine (DAB) (#K3467, DAKO) sub-
strate for 5 minutes and counterstained with 
DAKO Hematoxylin (#CS7000, DAKO) for 20 
seconds. All slides were imaged with the Aperio 
AT2 Scanner (Leica) at 20× and analyzed with 
Aperio Imagescope software (Leica).

RNA isolation and sequencing

RNA/DNA extraction was performed in the 
Genomics Shared Resource at Roswell Park. 
The purification of total RNA was prepared 
using the miRNeasy micro kit (#217084, Qia- 
gen). Frozen tissues, organoid suspensions, 
and spheroid suspension samples were first 
suspended in 700 μl of Qiazol reagent. The 
samples were homogenized using Navy Rhino 
tubes in a Bullet Blender Homogenizer (Next 
Advance) for 5 minutes. The homogenate was 
removed and incubated in a new tube at room 
temperature. After addition of chloroform, the 
homogenate was separated into aqueous and 
organic phases by centrifugation. RNA parti-
tions to the upper aqueous phase, while DNA 
partitions to the interphase and proteins to  
the lower organic phase or the interphase. The 
upper, aqueous phase was extracted, and etha-
nol added to bind RNA molecules of 18 nucleo-
tides and larger. The sample was applied to the 
miRNeasy micro spin column, where the total 
RNA bound to the membrane and phenol and 
other contaminants were efficiently washed 
away. On-column DNAse digestion was per-
formed to remove any residual genomic DNA 
contamination followed by additional washes. 
High quality RNA was eluted in 25 μl of RNase-
free water. Quantitative assessment of the 
purified total RNA was accomplished by using a 
Qubit High Sensitivity RNA kit, and concentra-
tion determined by Ribogreen fluorescent bind-
ing to isolated RNA. The RNA was further evalu-
ated qualitatively using RNA High Sensitivity 
tape on the 4200 Tapestation (Agilent technol-
ogies), where sizing of the RNA was determin- 
ed and a qualitative numerical score (RINe) 
assigned. Amplified cDNA was generated using 
the SMART-Seq v4 Ultra Low Input RNA kit 
(#Q32852, ThermoFisher Scientific). 10 ng of 
total RNA was fragmented based on % DV200 
analysis and used to synthesize first-strand 
cDNA utilizing proprietary template switching 
oligos. Amplified double strand (ds) cDNA was 
created by LD PCR using blocked PCR primers 
with incorporation of unique sample barcod- 
es. The resulting ds cDNA was purified using 
Ampure XP beads (#A63881, Beckman Coult- 
er). Abundant Ribosomal cDNA was depleted 
using R probes, and 13 cycles of PCR using uni-
versal PCR primers to complete the library. The 
final libraries were purified using Ampure XP 
beads and validated for appropriate size with 
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Screentape on the TapeStation. The libraries 
were quantitated using KAPA Biosystems qPCR 
kit (#KR0397, Sigma) and were pooled together 
in an equimolar fashion following experimental 
design criteria. Each pool was denatured and 
diluted to 400 pM with 1% PhiX control library. 
The resulting pool was loaded into 200 cycle 
NovaSeq Reagent cartridge for 2×100 sequenc-
ing on a NovaSeq6000 following the manufac-
turer’s recommended protocol (Illumina Inc.).

Bioinformatics and statistical analysis

RNA data processing: Sequencing quality con-
trol was assessed using FASTQC v0.11.5 (avail-
able online at: http://www.bioinformatics.ba- 
braham.ac.uk/projects/fastqc/). Reads were 
aligned to the human genome GRCh38 relea- 
se 27 (Gencode) using STAR v2.6.0a [18] and 
post-alignment quality control was assessed 
using RSeQC v2.6.5 [19]. Aligned reads were 
quantified at the gene level using RSEM v1.3.1 
[20]. RSEM estimated gene counts were filter- 
ed and upper quartile normalized using the 
R-based Bioconductor package edgeR [21]. 
Differential gene expression was performed 
after voom transformation followed by linear 
regression using the R-based Bioconductor 
package Limma [22]. Genes with a fold change 
greater than 2 and adjusted p-value of less 
than 0.05 were considered to be statistically 
significant differentially expressed.

Euclidean distance calculations: For t-distribut-
ed stochastic neighbor embedding (t-SNE) we 
defined Euclidean distance based on the ex- 
pression of a subset of genes. Genes were 
selected based on the average expression in  
all PDM and surgical specimens. Genes highly 
expressed in PDMs compared to surgical speci-
mens were chosen in order to eliminate genes 
related to immune or other tumor microenviron-
ment cells. t-SNE plots were made using the 
R-based package Rtsne (https://github.com/
jkrijthe/Rtsne) [23-25].

Hallmark Gene Set, EMT, consensus molecular 
subtype analysis: Gene set enrichment analy-
sis was performed using the R-based Bio- 
conductor package fgsea [26] for the hallmark 
gene sets from the molecular signatures data-
base (MSigDB) [27, 28]. Molecular subtype 
classifications were performed on all surgical 
and PDM specimens using the consensus MIBC 

R package [29]. Using RNA sequencing data, 
molecular subtype was assigned to samples 
only when the correlation value was greater 
than 0.3. The consensus MIBC R package can 
identify 6 molecular classes: Luminal Papillary 
(LumP), Luminal Non Specified (LumNS), Lu- 
minal Unstable (LumU), Stroma-rich, Basal/
Squamous (Ba/Sq), and Neuroendocrine-like 
(NE-like).

Statistical analysis

Statistical analysis was performed using R 
v.4.0.2 through RStudio v.1.3.1073 (Integrated 
Development for R; Rstudio, Inc., Boston, MA). 
Moderated t-tests were used for differentially 
expressed genes through limma R package and 
fishers exact test was used for enrichment test. 
A minimum significance level of 0.05 was used 
for all analyses after adjustment for multiple 
comparisons using false discovery rate.

Results

PDMs established from surgical specimens of 
bladder cancer

The ability of tumor specimens to grow and 
establish a PDX model was determined by 
implanting 55 freshly procured bladder tumor 
specimens from TURBT or cystectomy proce-
dures at Roswell Park (Table 2). Nineteen (19) 
of 55 specimens grafted into sex-matched NSG 
host animals demonstrated tumor growth of at 
least 1 cm3 in the initial passage (34.5%; 95% 
CI: 21.6-47.5%). Initial growth of the grafted 
surgical specimen is considered p0. Nine (9)  
of the 19 tumors with initial growth (47.4%, 
95% CI: 22.6-72.1%) established PDX tumor 
lines defined as established growth beyond  
p2 and demonstrated >80% tumor take rate 
after a viable freeze. Thus, 9 PDX tumor lines 
have been established from 55 patient speci-
mens for a 16.4% (95% CI: 6.3-26.5%) overall 
take-rate, similar to previous studies [3, 9, 30, 
31]. In Table 3, the histopathology and de-iden-
tified demographic information of the patient 
tumor specimens, specimens that establish- 
ed PDX models are highlighted. Surprisingly, 
there was no correlation between the ability to 
establish PDX models and tumor stage or treat-
ment. Of note, even a T1 staged surgical speci-
men (RP-BL040) was able to establish a PDX. 
Interestingly, specimens from female patients 
were more likely to establish models at p0 com-
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Table 2. Patient demographics for all specimens where PDMs were attempted, shaded specimens with established >p3 PDX models

RP-BL Growth Tumor 
Stage Treatment Pathology Procedure Sex Age Ethnicity Smoking 

Status
001 ND T3 None HG papillary urothelial carcinoma Cystoprostatectomy M 83 C Never

002 No T3 None HG urothelial carcinoma with nested and lymphoepithelial features TURBT M 75 C Never

003 Est T3 G/C HG urothelial carcinoma TURBT F 57 AA Current

004 No T1 BCG HG urothelial carcinoma TURBT M 79 C Former

005 Est T2 None HG urothelial with sarcomatoid features TURBT M 83 C Former

006 No T2 BCG Recurrence HG urothelial carcinoma TURBT M 55 C Current

007 No T2 BCG HG papillary urothelial carcinoma Cystoprostatectomy M 84 AA Former

008 No T1 BCG HG papillary urothelial carcinoma TURBT M 68 AA Current

009 Yes T1 None HG papillary urothelial carcinoma TURBT M 58 C Never

010 Yes T2 None HG urothelial carcinoma TURBT F 64 C Current

011 No-I NA NA NA NA NA NA NA NA

012 Yes T2 None HG urothelial carcinoma TURBT F 65 C Current

013 No T1 BCG HG papillary urothelial carcinoma TURBT M 66 C Never

014 No T2 None HG urothelial carcinoma TURBT M 81 C Former

015 No T3 Atezolizumab HG urothelial carcinoma, plasmacytoid variant Cystoprostatectomy M 72 C Current

016 No T1 Atezolizumab HG papillary urothelial carcinoma TURBT F 85 C Former

017 No T2 None HG papillary urothelial carcinoma TURBT M 67 C Former

018 No T2 Pembro HG papillary urothelial carcinoma TURBT M 63 C Current

019 Est T3 G/C HG urothelial carcinoma Cystectomy F 66 C Former

020 No T1 None HG papillary urothelial carcinoma TURBT M 68 C Former

021 Yes T1 None HG papillary urothelial carcinoma TURBT M 84 C Never

022 Est T2 G/C HG papillary urothelial carcinoma TURBT M 76 C Former

023 No T2 BCG HG papillary urothelial carcinoma Nephroureterectomy M 72 C Never

024 No T2 None HG urothelial carcinoma with predominantly sarcomatoid Cystoprostatectomy M 75 C Former

025 No NA ADT Prostate adenocarcinoma TURBT M 67 AA Never

026 Yes T4 None HG urothelial carcinoma Cystectomy F 69 C Current

027 No T4 None HG urothelial carcinoma Cystoprostatectomy M 72 C Former

028 No NA Multiple Chemo Metastatic colon adenocarinoma TURBT M 70 C Never

029 Yes T1 BCG+INF HG papillary urothelial carcinoma Cystoprostatectomy M 46 C Current

030 Yes T1 Treatment for Multiple Myeloma HG urothelial carcinoma TURBT M 83 C Former

031 No T1 None HG papillary urothelial carcinoma Cystoprostatectomy M 84 C Never

032 No T1 None HG urothelial carcinoma with squamous differentiation TURBT M 86 C Never

033 No T1 None HG urothelial carcinoma TURBT M 52 C Former

034 No T4 None HG urothelial carcinoma with focal glandular and squamous differentiation TURBT M 64 C Never

035 No T2 None HG urothelial carcinoma TURBT M 84 C Former

036 Yes T1 None HG papillary urothelial carcinoma TURBT M 76 C Former

037 Yes T1 None HG papillary urothelial carcinoma TURBT M 52 C Former

038 No T1 None HG papillary urothelial carcinoma TURBT M 75 C Former
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039 No T1 None HG papillary urothelial carcinoma TURBT M 76 C Current

040 Est T1 None HG urothelial carcinoma with prominent squamous differentiation TURBT F 72 C Never

041 No T2 None HG papillary urothelial carcinoma TURBT M >89 C Former

042 No T2 G/C HG papillary urothelial carcinoma with focal squamous differentiation TURBT M 76 C Never

043 No T2 None Poorly differentiated urothelial carcinoma w/basal-squamous differentiation TURBT M 47 C Former

044 No Ta None HG papillary urothelial carcinoma TURBT M 68 C Current

045 Yes T2 G/C HG papillary urothelial carcinoma TURBT M 76 C Never

046 No T1 None HG urothelial carcinoma TURBT M 54 C Current

047 No T1 None HG papillary urothelial carcinoma TURBT F 82 C Former

048 No T2 None HG papillary urothelial carcinoma Cystoprostatectomy M 51 C Current

049 No T4 Pembro HG papillary urothelial carcinoma TURBT M 79 C Former

050 Est T3 None HG urothelial carcinoma with squamous differentiation TURBT F 76 C Never

051 Est T3 None HG papillary urothelial carcinoma TURBT M 61 C Never

052 Est T3 BCG, G/C, pembro Recurrence, HG papillary urothelial carcinoma TURBT F 64 C Former

053 No-I NA NA NA NA NA NA NA NA

054 Est T2 None HG papillary urothelial carcinoma TURBT F 85 C Never

055 No T2 None HG urothelial carcinoma w/squamous diff Cystoprostatectomy F 75 C Current

056 No T3 None HG urothelial carcinoma w/squamous diff TURBT F 73 C Former
BCG = Bacillus Calmette-Guerin; G/C = Gemcitabine/Cisplatin; INF = Interferon; Pembro = pembrolizumab; ADT = Androgen Deprivation Therapy; HG = high grade; TURBT = Transurethreal Resection Bladder Tumor; F = Female; M = Male; C 
= Caucasian; AA = African American; ND = Not determined; NA = Not available. Growth column: Est = Established PDX model; Yes = Grew but did not establish passable PDX model; No = No Growth; No-I = No Growth, all grafted animals died 
due to infection. Row shading indicates surgical specimen that established PDXs and are also in Table 3.

Table 3. Histopathology and molecular subtypes of surgical specimens and PDMs

RP-BL Line
Histopathology Molecular Subtype

Surgical Specimen PDX Surgical 
Specimen PDX PDO PDS

051 HG papillary urothelial carcinoma HG papillary urothelial carcinoma with squamous diff Ba/Sq Ba/Sq ND ND
050 HG urothelial carcinoma with squamous differentiation HG papillary urothelial carcinoma with squamous diff Ba/Sq Ba/Sq ND ND
040 HG with prominent squamous differentiation HG papillary urothelial carcinoma with squamous diff Ba/Sq Ba/Sq ND ND
005 HG urothelial with sarcomatoid features HG papillary urothelial carcinoma with sarcomotoid Ba/Sq Ba/Sq Ba/Sq Ba/Sq
054 HG papillary urothelial carcinoma HG papillary urothelial carcinoma with squamous diff and sarcomotoid Ba/Sq Ba/Sq LumP Ba/Sq
003 HG urothelial carcinoma HG papillary urothelial carcinoma with squamous diff Ba/Sq LumP LumP* LumP*

019 HG urothelial carcinoma HG papillary urothelial carcinoma with predominately sarcomotoid LumP LumP LumP LumP
022 HG papillary urothelial NE differentiation LumP LumP LumP LumP
ND-Not Determined the unique mapped reads (<11%) and low RNA yield (<30 ng) for RP-BL051 PDO and was not analyzed, PDXs were sequenced at passage 2, PDO and PDS models are derived from the 
sequenced PDX. *, The PDMs derived from RP-BL003 were derived and sequenced from PDX at passage 3.
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pared to specimens from male patients (69.2% 
versus 23.8%, t-test of proportions P=0.0075), 
independent of tumor stage. PDOs and PDSs 
were established from either surgical speci-
mens when enough surgical sample was avail-
able or from PDX tumors to provide in vitro tools 
for future analysis. Due to the small size of the 
majority of surgical samples, only RP-BL019 
and RP-BL022 have a PDO and RP-BL022 has 
a PDS derived directly from the surgical speci-
men. However, PDOs and PDSs were able to be 
established from the patient’s PDX and were 
used to evaluate sample variability due to mo- 
del section conditions vs. patient tumor.

Molecular comparison of PDMs with original 
surgical specimen

PDM transcriptomes faithfully represent their 
corresponding surgical specimen: To deter-
mine whether gene expression changes are 
associated with specific types of PDMs, the 
transcriptome from each PDM was analyzed 
individually to identify differences between 
each patient’s surgical specimen and their cor-
responding model (Figure 1). The Euclidian dis-
tance between all the samples was calculated 
after filtering out genes that are underrepre-
sented or not expressed in the PDMs, such as 
genes expressed by immune cells and fibro-
blast. Using the Euclidian distance between the 
samples and the t-distributed stochastic nei- 
ghboring embedding algorithm to visualize how 
similar the samples are, PDMs clustered with 
their corresponding surgical specimen (Figure 
1A). This clustering was persistent even wh- 
en 3D cultures (defined as PDO and PDS) 
(Figure 1B), surgical specimens (Figure 1C), or 
surgical specimen and PDX (Figure 1D) were 
removed from the analysis. Interestingly, PDO 
and PDS derived from PDX tumor specimens, 
and not directly from the surgical specimen, 
still clustered with their patient surgical speci-
men. Euclidean distance based on gene expres-
sion showed that PDX models are the most 
similar to the surgical specimens followed by 
PDO and finally PDS (Figure 1E). We identifi- 
ed differentially expressed genes by paired 
comparison of each PDM to its corresponding 
surgical specimen (Figure 1F). This confirm- 
ed that PDXs are the most similar to surgical 
samples, whereas PDOs and PDSs are more 
similar to each other than surgical specimens 
or PDX.

PDMs enrich the tumor compartment tran-
scriptome: To further examine the relationship 
between PDM and surgical specimen, differen-
tial gene expression was performed without fil-
tering genes. Analysis between PDMs and the 
surgical specimens showed that 1654 genes 
are significantly downregulated in PDMs, whe- 
reas only 48 are upregulated (Figure 2A). We 
focused on 5 groups of genes related to tumor, 
bladder stem cells (BSC), general stem cells 
(SC), immune system, and the stroma. Only 
genes related to the immune system and the 
stroma were significantly downregulated in 
PDMs, indicating that PDMs are representative 
of the tumor compartment but not the overall 
tumor microenvironment. Gene expression was 
visualized for each surgical specimen and PDM 
for the 5 tumor related groups of genes (Figure 
2B). The gene expression pattern shows the 
expression of the individual genes in each of 
the samples emphasizing that the majority of 
the stroma and immune related genes are 
under-represented in PDMs.

Hallmark gene set enrichment analysis in surgi-
cal specimens and PDMs: To further character-
ize the PDMs, gene set enrichment analysis for 
the hallmark gene sets was performed compar-
ing surgical specimen vs. PDX, PDX vs. 3D mod-
els, and PDS vs. PDO (Figure 3A). The gene sets 
were grouped into 8 processes: development; 
DNA damage; immune; cellular component; 
metabolic; stress pathway; proliferation; and 
signaling. Multiple gene sets were enriched in 
the surgical samples compared to the PDMs, 
but only the immune related gene sets were 
over-represented in the surgical specimens 
(Figure 3B). Interestingly, gene sets in the 
stress pathway group (apoptosis, protein secre-
tion, reactive oxygen species, and unfolded 
protein) were enriched in the 3D culture PDMs 
compared to the PDX (Figure 3C).

Transcription analysis of genes associated with 
EMT and molecular subtypes: EMT is a hall-
mark of cancer progression, generates cells 
with cancer stem cell properties and has been 
associated with poorer outcomes [32-34]. The- 
refore, the enrichment score for the EMT hall-
mark gene set was examined in the surgical 
samples and PDMs (Figure 3A). The enrich-
ment score for the EMT gene set showed that 
SURG is enriched vs. PDMs, PDX is enriched vs. 
3D cultures and PDS is enriched vs. PDO mod-
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els (Figure 4A). Expression of EMT genes was 
not sufficient to cluster the samples by patient, 
indicating that other biological processes be- 
sides the EMT signature define the surgical 
specimen (Figure 4B). The expression level of 
the EMT gene set is increased in the surgical 
specimens compared to the PDMs (Figure 4A).

The consensus molecular subtyping was devel-
oped to molecularly classify MIBC based on 
transcriptomic data [10]. The consensus molec-
ular subtype classification of MIBC was ana-
lyzed for each surgical specimen and PDM to 

determine if the molecular subtype can be 
used to classify PDMs. The molecular subtypes 
were determined for seven surgical specimens 
and their matched PDX models, as well as six 
PDO and PDS models derived from the surgical 
specimens and PDX models (Figure 4D). The 
molecular subtype classification was designed 
for MIBC surgical specimens. In the majority of 
the cases (6/8, 75%), PDMs were classified as 
the same as the molecular subtype of their cor-
responding surgical specimen (Table 3), indi-
cating that the molecular subtype classification 
can be useful to characterize PDMs. Of the sur-

Figure 1. PDMs are a faithful representation of their original tumor. (A-D) Euclidean distance was visualized with 
t-SNE for (A) all samples, (B) surgical and PDX samples, (C) only PDM samples, and (D) PDO and PDS samples. (E) 
Euclidean distance of each PDM to their corresponding surgical specimen. (F) Heatmap of differentially expressed 
genes identified by paired comparison of PDM compared to their corresponding surgical specimen.
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gical specimens that established PDMs, a high 
percent (6/8, 75%) were classified as the Ba/
Sq molecular subtype. In general, the consen-
sus molecular subtype of the PDMs agreed with 
the surgical specimen.

Histopathology and differentiation marker 
analysis

Historically, tumor stage and histopathology 
provides key information used to determine 
stage and treatment options; however, informa-
tion evaluating the histopathology, expression 
of differentiation markers and molecular sub-
types in PDMs is limited [35]. Characterizing 
each model for histopathology and molecular 

subtype better evaluates how closely the PDMs 
represent the surgical sample of the patient 
from which they were derived. To determine 
how well the consensus molecular phenotype 
represents the tumor histopathology, the histo-
pathology of available surgical specimens and 
PDXs were evaluated by a GU pathologist. The 
molecular subtype was consistent between 7/8 
surgical specimens and their derived PDX mod-
els. The exception was RP-BL003 in which the 
surgical specimen was classified as Ba/Sq and 
the PDX was LumP. Interestingly, the RP-BL003 
PDX demonstrated a squamous differentiated 
histopathology but the surgical specimen did 
not. A high number of PDXs (5/8) had histopa-
thologies not found in the surgical specimen. 
RP-BL051, -054 and -003 had squamous dif-
ferentiation; RP-BL054 and 019 had sarcoma-
toid features; and RP-BL022 had NE differenti-
ation (Table 3).

In general, the PDX histopathologies were con-
cordant with that of the surgical specimen, 
although there was a trend towards the PDX 
being more undifferentiated with a gain of the 
squamous phenotype. To further elucidate the 
similarities and differences in the histopathol-
ogy and the molecular subtype, sections of PDX 
tumors were analyzed by IHC to identify cells 
expressing the following differentiation mark-
ers: E-cadherin (epithelial marker), CK5 (basal 
marker), CK20 (superficial/intermediate uro-
thelium marker), vimentin (EMT marker) and 
synaptophysin (NE marker) (Figures 5 and 6). 
The IHC analysis demonstrated high expres- 
sion levels of CK5 in RP-BL051, RP-BL050, 
RP-BL040, and RP-BL054 that match the Ba/
Sq molecular subtype. CK20 was highly ex- 
pressed in RP-BL019 as expected based on the 
differentiated histopathology and LumP molec-
ular subtype (Figure 6).

Discussion

In this study we compared three types of PDMs 
with their surgical samples to evaluate: system-
ic bias in the models; how well each model type 
represents the patient surgical sample; and if 
the bulk transcriptome of the PDMs can be 
used to analyze the tumor cell transcriptome 
without transcriptomic contribution from the 
stroma and immune compartments. The PDMs 
were analyzed to assess whether the type of 
model was more similar to each other or if the 

Figure 2. PDMs represent the tumor but not the 
tumor microenvironment. A. Volcano plots of differ-
entially expressed genes comparing surgical speci-
mens to PDM emphasizing the selected genes for 
tumor and tumor microenvironment. B. Heatmap of 
gene expression corresponding to tumor, bladder 
cancer stem cell (BSC), stem cell (SC), immune, and 
stroma genes.
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transcriptomes of the models were more like 
their original surgical specimen. Interestingly, 
all PDMs were more similar to the surgical 
specimen from which they were derived (Figure 
1). Analysis of transcriptomic data indicates 
that the primary driver of variability is from 
interpatient differences and not the type of 
model. Our results are consistent with our pre-
vious studies in which we demonstrated that 
the transcriptomes of bladder cancer cell lines 

grown in 2D cell culture were comparable to 
xenografts of the cell line [36]. We classified 
the consensus molecular subtype for 8 cases 
of surgical sample and their PDMs. We found 
that in general our studies are in agreement 
with previous studies [11, 37], that bladder 
PDMs faithfully recapitulate the molecular sub-
type of their corresponding surgical sample and 
PDXs consistently reflected the histologic phe-
notype of their surgical sample. The few dis-

Figure 3. Hallmark pathway analysis RNAseq. (A) Gene set enrichment analysis for all the hallmark gene sets for 3 
different comparisons (SURG vs. PDM, PDX vs. 3D, PDS vs. PDO). Gene sets were categorized based on processes. 
(B-D) Enrichment of processes based on fisher exact test for (B) SURG vs. PDM, (C) PDX vs. 3D, and (D) PDS vs. PDO.
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crepancies in molecular subtype between the 
patient specimen and models can be explained 
due to different areas of the tumor being used 
to make each model as proposed by Schütte, et 
al. for colorectal cancer [8]. Thus, PDMs faith-
fully represented the transcriptomic profile of 
their surgical sample. Moreover, the conditions 

that establish and maintain PDMs did not intro-
duce systemic bias that skewed the transcrip-
tome away from the surgical specimen. Thus, 
PDMs should be selected based on the ability 
to address the scientific question, since all 
models were representative of their original 
surgical specimen.

Figure 4. EMT and Ba/Sq molecular subtypes are enriched in PDMs. (A) Gene set enrichment analysis for the hall-
mark epithelial to mesenchymal transition gene set for 3 different comparisons (PDM vs. SURG, PDX vs. 3D, PDS vs. 
PDO). (B, C) Expression of the hallmark epithelial to mesenchymal transition genes were used for (B) t-SNE plot and 
(C) heatmap. (D) Correlation heatmap based on the consensus molecular subtype scores for each sample derived 
from RNA sequencing data.
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There was no difference in 
establishment of PDX models 
based on tumor stage, indi-
cating cancer cells capable of 
establishing PDX growth are 
present in all tumor stages. 
While, 47% (9/19) tumors wi- 
th initial growth established 
PDX tumor lines, the overall 
16% (9/55) establish take-
rate is low but similar to previ-
ous studies [3, 9, 30, 31]. 
Interestingly, T1-T2 stage sur-
gical specimens represented 
3 of the 4 highest EMT signa-
tures found in the surgical 
specimens, even though EMT 
signatures are typically asso-
ciated with higher grade, less 
differentiated tumors. Surgi- 
cal specimens from female 
patients were more likely to 
establish models compared 
to specimens from male pa- 
tients independent of tumor 
stage. There was no differ-
ence in EMT genes between 
PDO or PDS derived from 
patients that received treat-
ment compared to those that 
were derived from patients 
that were treatment naïve. 
PDMs closely represent the 
patient surgical sample from 
which they were derived. In- 
terpatient variability drives di- 
fferences across models, ra- 
ther than the conditions us- 
ed to establish PDMs. PDMs 
have been established from 
low stage [3, 9] and muscle 
invasive bladder cancer [3, 9, 
37, 38] and analysis focuses 
on how similar the models are 
to the original patient surgical 
samples.

A major limitation of bulk tran-
scriptome analysis of tumors 

Figure 5. Pathology and differentiation marker analysis of PDMs with con-
flicting phenotypes. H&E staining of surgical specimens and PDX models 
derived from the surgical specimens PDX models RP-BL005, -003, and 022. 

IHC analysis of PDX models for E-
Cadherin, CK5, CK20, Vimentin, 
and Synaptophysin. Slides were 
imaged at 20×, Scale Bar =100 
µm
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is that the signal represents an average of the 
multiple cellular compartments that comprise 
the tumor [11]. Thus, changes in specific com-
partments within the tumor are hard to detect, 
especially compartments that represent a mi- 
nor component of the tumor such as the stem 
cell niche. All PDMs enrich the signal from the 
tumor cell compartment, by reduction of other 

cellular compartments, such as the stroma, 
immune and vasculature. Thus, PDMs can be 
used to enrich for the tumor cell compartment 
while reducing the cellular complexity prior to 
evaluating the transcriptome. Tumor signal is 
confounded by the heterogeneity in the sample 
and was such a big problem that informatic 
methods, including ESTIMATE algorithm, were 

Figure 6. Pathology and differentiation marker analysis of PDMs. H&E staining of surgical specimens and PDX mod-
els derived from the surgical specimens PDX models RP-BL0051, 0050, 040, 054 and 019. IHC analysis of PDX 
models for E-Cadherin, CK5, CK20, and Vimentin. Slides were imaged at 20×, Scale Bar =100 µm.
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invented to address tumor heterogeneity [12]. 
Here we show that model systems can elimi-
nate that signal obviating the need for addition-
al informatic methods. While these studies 
focused on transcriptome analysis, future ge- 
nomic and proteomic studies will further evalu-
ate how closely the PDMs represents the tumor 
cell compartment.

The advantages of PDXs include their ability to 
maintain original tumor pathology and to cir-
cumvent confounding issues such as altered 
gene expression that result from serial passage 
of established cell lines grown on plastic. The 
PDM models analyzed in these studies are from 
early passages, and analysis on PDMs at later 
passages will test if higher passage, stable 
PDM lines continue to represent the pathology 
and transcriptome of the original tumor speci-
men. We demonstrate that PDO and PDS mod-
els can be established from a patient’s PDX 
and that such 3D models are still representa-
tive of the surgical sample. The growth condi-
tions for PDOs promote differentiation and give 
rise to the various different cell types within a 
tumor; thus, PDOs may better reflect the bulk 
tumor phenotype, relative to other experimen-
tal models. Conversely, the PDS assay is often 
used to enrich for the cancer stem cell popula-
tion and to evaluate cancer stem cell proper-
ties in vitro [39-42]. Quantitation of cell viabili-
ty, sphere number and size following treat- 
ment can provide a straightforward readout of 
therapy effectiveness on the cancer stem cell 
population. Cancer stem cells are speculated 
to be a potential source of therapy-resistant 
cells leading to recurrent disease [43]. Con- 
ventional thinking is that the PDS model is the 
most likely model to contain a high number of 
cancer stem cells and the least tumor hetero-
geneity because each sphere is clonally de- 
rived. However, we did not see enrichment in 
the stem cell signature in PDS models. Instead 
our data showed that PDS models have a high-
er EMT gene expression profile compared to 
PDO (Figure 4A), indicating that EMT gene ex- 
pression is elevated in the PDSs supporting a 
cancer stem cell phenotype as shown previ-
ously in spheroid models [34].

The Ba/Sq subtype is molecularly heteroge-
neous, and molecular subtyping alone is un- 
likely to fully predict prognosis and treatment 
response [44]. Only 42% of histologically re- 

viewed tumors in Ba/Sq subtype display squa-
mous differentiation, but most tumors with 
squamous histology are within the Ba/Sq mo- 
lecular subtype [29]. The papillary morphology 
was most common in the LumP subtype but 
was also found in LumNS and LumP [29]. 
Interestingly, two of the Ba/Sq specimens  
were able to give rise to both Ba/Sq and 
Luminal Papillary (LumP) models (RP-BL054 
and RP-BL003), whereas both of the LumP 
specimens only gave rise to LumP models (RP-
BL019 and RP-BL022). Recent studies by Kim 
et al., examined the molecular subtype of PDX 
models derived from urothelial cancers of the 
upper urinary tract. Surgical specimens that 
established PDX models were classified as pri-
marily LumP (82.5%), LumU (8.75%), LumNS 
(1.25%), Stroma-rich (1.25%), or Ba/Sq (6.25%) 
[35]. There was histological concordance bet- 
ween the surgical sample and its PDX in 16/ 
17 specimens (94.12%) with a trend toward 
increased establishment of PDX models from 
more invasive specimens [35]. Unlike the stud-
ies of Kim et al., we did not include upper uri-
nary track surgical specimens. We were more 
successful at establishing PDX models from 
Ba/Sq (75% compared to Kim et al. with 6.25%) 
and we saw no difference in PDX establishment 
with different stage tumors. The differences in 
the studies may be due to the differences 
between these two urothelial cancers or possi-
bly technical differences in establishing PDX 
models between the two groups. Additionally, 
organoids established from MIBC had compa-
rable differentiation markers and mutation pro-
files to the original patient tumor specimen 
[37]. Interestingly, one surgical specimen with 
the Stroma-rich molecular subtype resulted in 
LumP organoids that retained MUC1 expres-
sion and were targeted to cell lysis with co-cul-
ture with MUC1-targeting CAR-T cells [37]. The 
ability for robust preclinical studies improves  
as the number of characterized bladder PDMs 
increases.

PDX models were characterized based on pa- 
thology, molecular subtype, gene expression, 
and IHC. The RP-BL005 PDX has a sarcomatoid 
pathology, a Ba/Sq molecular subtype classifi-
cation and strong staining for E-cadherin and 
CK5 protein expression, but expresses an EMT 
gene expression profile (Figure 4B) with posi-
tive vimentin staining. The RP-BL003 PDX has  
a squamous differentiation pathology, LumP 
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molecular subtype classification, high E-cad- 
herin and CK5 staining that confirms the squa-
mous differentiation histopathology, but low 
expression of CK20 which is inconsistent with 
the LumP molecular subtype. In addition, RP- 
BL003 also had high synaptophysin staining 
which did not correspond to the histopathology 
or molecular subtyping. The RP-BL022 PDX has 
NE differentiation histopathology, but a LumP 
molecular subtype with positive IHC staining  
for E-cadherin and CK20 supporting the LumP 
molecular subtype and synaptophysin staining 
supporting the NE histopathology. Analyzing 
the expression of differentiation markers with 
IHC can help characterize the PDX models 
when there is discrepancy between the histo-
pathology and the molecular subtype classifi-
cation, but tumors express multiple differentia-
tion markers with IHC analysis.

In summary, transcriptomic analysis demon-
strated that PDMs were more similar to their 
surgical specimen than the model type; indicat-
ing that the PDMs retained unique features of 
the tumor from which the PDM was derived. 
The consensus molecular subtype classifica-
tion system can be applied to PDMs and dem-
onstrates strong concordance with the classifi-
cation of the corresponding surgical specimen. 
Interestingly, of the surgical specimens that 
established models 75% were Ba/Sq and 25% 
were LumP molecular subtype. PDMs reduce 
the complexity of analysis due to tumor hetero-
geneity while maintaining representation of the 
tumor cell compartment of the surgical sample 
from which they were derived.
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