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Abstract: We have developed a murine intravesical orthotopic human bladder cancer (mio-hBC) model for the es-
tablishment of superficial urothelial cell carcinomas. In this model we catheterize female atyhmic nude mice and 
pre-treat the bladder with poly-L-lysine for 15 minutes, followed by intravesical instillation of luciferase-transfected 
human UM-UC-3 cells. Cancer cells are quantified by bioluminescent imaging which has been validated by small 
animal ultrasound. Poly-L-lysine pre-treatment increased engraftment rate (84.4%) and resulted in faster grow-
ing tumors than trypsin pre-treatment. In addition, tumors respond through a decrease in growth and increase in 
apoptosis to chemotherapy with mitomycin C. Previous intravesical models utilized KU7 cells which have been later 
determined to be of non-bladder origin. They display markers consistent with HeLa cells, requiring a need for a true 
intravesical bladder model. Efficient engraftment and rapid superficial growth patterning of the human bladder 
tumor differentiate this in vivo orthotopic model from previous bladder models.
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Introduction

In 2017, it is estimated that there will be 8,900 
new cases of bladder cancer occurring in 
Canada and 2,400 Canadians will die from the 
disease [1]. Non-muscle invasive bladder can-
cer accounts for approximately 70% of all blad-
der cancer cases. The standard treatment for 
patients with non-invasive disease is transure-
thral resection with adjuvant intravesical treat-
ments in select patients with high risk features. 
Even with optimal treatments, 60-70% of these 
tumors will recur, with 25% showing progres-
sion to a higher stage or grade highlighting a 
need to develop novel therapies [2]. 

In vitro assays using cultured primary or blad-
der cancer cell lines provide valuable data to 
study mechanism of development, mutagene-
sis, invasion, migration and evaluation of anti-
neoplastic drugs. However, there are a number 
of limitations such as environmental differenc-
es, loss of natural heterogeneity, loss of va- 
scularization and perfusion, artificial levels of 

growth factors and cytokines within the cell cul-
ture media. Most importantly, in vitro cell cul-
ture is limited to 1 to 2 different types of cells in 
monolayer restricting the study of the interac-
tions between cell types [3].

To overcome this, animal models are needed to 
facilitate the study of carcinogenesis mecha-
nisms while avoiding the limitations of the in 
vitro studies. Thus, a suitable bladder tumor 
model that resembles human disease both his-
tologically and in behavior is essential for evalu-
ating new therapeutic agents and modalities. 
The ideal animal bladder tumor model should 
include the following characteristics: 1) Tumor 
should grow intravesically (orthotopically to 
allow for interaction with normal urothelium, 
lamina propria and muscle layers). 2) Tumor 
should be of urothelial carcinoma origin to 
mimic the natural history of bladder cancer pro-
gression. 3) Tumor should be technically easy to 
develop within a reasonable time period and 
highly reproducible and reliable.
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Many different bladder cancer animal models 
have been developed and fall mainly into  
syngeneic, xenogeneic and transgenic catego-
ries. Syngeneic models include those devel-
oped with chemical carcinogens [4-7] or mouse 
tumor cells implanted into mice, sometimes 
orthotopically into the bladder [8-16]. These 
tumors generally have high engraftment rates 
but a disadvantage of mouse tumors is that 
microenvironmental interactions and molecu-
lar characteristics of the tumor cells must be 
confirmed to recapitulate human tumors, espe-
cially if an experimental therapeutic has a 
molecular target. Xenogeneic models utilize 
human cancer cells and can more closely 
resemble human tumors. These models can 
also mimic microenvironment effects if implant-
ed orthotopically [17-21] rather than subcuta-
neously [22-28]. These models pose an addi-
tional challenge to engraftment from the 
murine host and often require a pre-treatment 
of the bladder. Genetically modified animal 
models provide a unique system in which the 
role of individual genes in bladder cancer devel-
opment can be evaluated [29-33]. However, 
the models are either very toxic or extremely 
expensive, and no model has shown to provide 
a reliable molecular proxy for human carcinoma 
[32, 33].

Orthotopic xenografts have shown to be a bet-
ter approach allowing cell-cell interactions of 
the local environment that more closely mimic 
superficial bladder cancer (non-muscle inva-
sive) in which primary tumor grows in the uro-
thelium and progresses to invasion into the 
muscle layers of the bladder [8, 34]. A previous 
and highly cited intravesical model developed 
by our group used KU7 cells with high reproduc-
ibility and engraftment rate without a pre-treat-
ment of the bladder [18]. Unfortunately, we 
found that KU7 cells display HeLa genetic 
markers and as such do not mimic the bladder 
cancer environment [41]. Therefore, we have 
developed a murine intravesical orthotopic 
human bladder cancer (mio-hBC) model utiliz-
ing true human bladder cancer cells.

Materials and methods

Animals

Ninety eight 6-week old female athymic nu/nu 
mice were used to carry out this project (Envigo, 
South Kent, Washington, USA). All animal pro-

cedures were performed according to the 
guidelines of the Canadian Council on Animal 
Care (CCAC). The protocol was approved by  
the Animal Care Committee of the University  
of British Columbia (Protocol No. A15-0073). 
Animals were monitored daily and scored 
according to our clinical health monitoring 
sheet. Clinical signs that were considered 
severely abnormal were considered humane 
endpoints for this study such as, more than 
20% body weight loss; attitude immobile or 
hyper reactive, even when nudged; appearance 
hunched, dry or dull eyes and nose, jaundice, 
pale extremities, ulceration on the tumor site; 
breathing gasping, cyanosis; posture tumor 
interferes with movement; hydration skin tent 
(>2 sec), sunken eyes, no urine output >12 h; 
elimination excessive or no urination, watery or 
bloody diarrhea, rectal prolapse that cannot be 
corrected; abdomen with severe distension; 
body conditions emaciated, no palpable fat pad 
over sacroiliac region, severely reduced muscle 
mass, prominent vertebrae and iliac crests. If 
the mouse had a score of 3 in any of the above 
mentioned categories or a cumulative score of 
6 or higher it was euthanized. Also, tumor 
weight >10% (therapeutic) of normal body 
weight, or tumors exceeding a bioluminescence 
of 1×1010 photons/sec, pain that cannot be 
relieved by analgesia, or hematuria, or urethral 
obstruction, or ascites where burden exceeded 
10% of body weight, or persistent self-induced 
trauma were also considered endpoints. Mice 
exhibiting the mentioned criteria were eutha-
nized and removed from the study. Mouse num-
bers were determined by power analysis using 
an alpha of 0.05, beta of 0.8, predicted differ-
ence in tumor size of 3×106 photons/sec and 
predicted standard deviation of 1×106 pho-
tons/sec and determined by preliminary data.

Experimental design 

This study was designed in 4 stages. The first 
stage consisted of evaluating our previous pub-
lished protocol, that unfortunately was carried 
out with a cell line that at the time was consid-
ered to be a human bladder cancer cell line 
(KU7) but after published we found out it was 
from HeLa origin. Therefore, we decided to fol-
low the same protocol but with a well-known 
non-muscle invasive bladder cancer cell line 
(UM-UC-3 cells). For this first stage we used 10 
six-week old athymic female mice. Due to the 
results found in our first stage, we had to modi-
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fy our previously published protocol. The modi-
fications lead to the second stage of this study, 
which consisted of the evaluation of pre-treat-
ments (trypsin and poly-L-lysine) and its tolera-
bility. For this second stage we used 20 six-
week old athymic female mice. Once finding out 
the most appropriate pre-treatment with less 
side effects, we moved into the third stage, 
which consisted of evaluating tumor engraft-
ment using several human bladder cancer cell 
lines (UM-UC-3-luc, UM-UC-14-luc, TCC-Sup-
luc, T24-luc, J82-luc, 5637-luc and RT-112-luc). 
For this third stage we used 52 six-week old 
athymic female mice. Our final fourth stage 
consisted of a functional assay (mitomycin C 
treatment), to test our optimized non-muscle 
invasive bladder cancer model. For this final 
fourth stage we used 16 six-week old athymic 
female mice.

Procedure 

Mice were anesthetized using isoflurane at 3% 
for induction and then switched to 1.8% as 
maintenance at 2 L/min oxygen. Each mouse 
was placed on a heating pad and the bladder 
was manually emptied. Under continuous anes-
thesia and using aseptic surgical techniques a 
25G catheter was inserted through the urethra. 
Poly-L-lysine, trypsin or PBS pre-treatments 
were applied to the bladder by instilling 50 uL 
of 0.1% poly-L-lysine [35], 0.25% trypsin [36] 
(ThermoFisher Scientific, Burlington, ON, CA)  
or PBS (Sigma-Aldrich Canada Co., Oakville, 
Ontario, Canada) and letting it dwell for 15 min 
before removing the catheter [18] and empty-
ing the bladder manually. Bladder cancer cells 
in suspension were intravesical instilled (lucif-
erase transfected UM-UC-3-luc, UM-UC-14-luc, 
TCC-Sup-luc, T24-luc, J82-luc, 5637-luc and RT- 
112-luc) into the bladder at a density of 3×106 
cells in 50 µl. A Vascu-Statt plastic clamp (midi, 
angled) was placed around the urethral meatus 
to avoid leakage of the inoculated cells. The 
inoculated solution was kept in the bladder for 
1.5 h through which the mice were kept under 
anesthesia. During this time, the mice were sur-
veilled for changes in respiratory patterns, skin 
color and temperature. After 1.5 h the clamp 
and the catheter were removed and the blad-
der emptied spontaneously. At this moment the 
mice were removed from anesthesia and plac-
es into a heated recovery chamber until they 
were mobile and urinating normally. 

In-vivo functional assay utilizing mitomycin C

In order to demonstrate the use of our describ- 
ed model we treated tumors with mitocycin C 
post inoculation. Mitocycin C was chosen 
because of its clinical use as a neoadjuvant 
chemotherapy. Eight mice were assigned to 
each of a phosphate-buffered saline (PBS)  
and mitomycin C treatment group and treated 
at days 8 and 15 as described below and 
assessed up to day 23. Mice were instilled with 
saline (82.5 µL) or mitomycin C (3.3 mg/kg in 
82.5 µL solution, Sigma-Aldrich Canada Co.) for 
1.5 h following the protocol described for tumor 
inoculation. 

Cell culture

Human bladder cancer cell lines UM-UC-3 
(ATCC CRL-1749), UM-UC-14 (ECACC 080905- 
09), T24 (ATCC HTB-4), and TCC-Sup (ATCC 
HTB-5) were kindly provided by Dr. Peter Black 
(Vancouver Prostate Centre, Vancouver, BC, 
Canada) and J82 (ATCC HTB-1) and 5637 (ATCC 
HTB-9) and RT-112 (ECACC 85061106) were 
kindly provided by Dr. Yoshiyuki Matsui (Kyoto 
University, Kyoto, Japan). All cells were cultured 
at 37°C in a 5% CO2 incubator in minimal essen-
tial medium (Thermo Fisher Scientific) supple-
mented with 10% fetal bovine serum (Hy- 
clone, South Logan, Utah, USA) 1% L-glutamine 
(GlutaMax, Thermo Fisher Scientific), 1% non-
essential amino acids (Thermo Fisher Scientific, 
Burlington, Ontario, Canada), and 1% sodium 
pyruvate (Thermo Fisher Scientific). Mycopl- 
asma contamination was tested at regular 
intervals for each cell-line. Before being used 
for in vivo testing, cells were trypsinized (0.25% 
trypsin, Thermo Fisher Scientific), and centri-
fuged at 200×g for 5 min. Cell pellets were re-
suspended in media, counted using a TC20 
(Biorad, Hercules, California, USA), centrifuged 
and re-suspended in media at a concentration 
of 3×106 cells per 50 µL. Cells were immedi-
ately placed on ice until instillation.

Luciferase transfection of bladder cancer cell 
lines

The firefly luciferase gene was transfected into 
each parental cell line to generate luciferase 
equivalents (e.g. UM-UC-3-luc) using lentiviral 
construct as previously described [18]. Briefly, 
a mixture of 10 µg of FUGWB transducing vec-
tor, 10 µg pR0.91 packaging vector and 5 µg 
vesicular stomatitis virus glycoprotein (VSV-G) 
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encoding plasmid was added to 37 µl of CaCl2 
(2 M, pH 7.2). 2X HEPES buffer was then added 
to the DNA-calcium complex and incubated  
for 30 min. After 30 min incubation, the com-
plex solution was added to HEK 293T cells. The 
media of infected HEK 293T cells was chang- 
ed after 24 h and after additional 24 h the 
media containing recombinant lentiviral vector 
was collected, filtered with 0.45 µm filter and 
added to bladder cancer cell lines for transduc-
tion. The luciferase plasmids contained blasti-
cidin resistance gene to enable positive selec-
tion with 10 mg/mL blasticidin (ThermoFisher 
Scientific). Quantitative PCR was performed to 
ensure transcription of luciferase and lucifer-
ase activity was tested by adding D-Luciferin 
(150 µg/mL, GoldBio, St. Louis, Missouri, USA) 
before measuring bioluminescence on an IVIS 
Spectrum (Perkin Elmer, Waltham, Massach- 
usetts, USA).

Tumor imaging 

IVIS Bioluminescence: For all experiments ani-
mals were measured twice a week. At each 
imaging mice were anesthetized with isoflu-
rane, weighed, and intraperitoneally injected 
with 15 mg/kg sterile D-luciferin in PBS. Fifteen 
minutes following injection mice were placed in 
a supine position in an IVIS Spectrum biolumi-
nescent imager and photographed at 10 min 
post injection using Living Image 4.0 software. 
Data was collected as photons/second and dis-
played as a regionalized heat map with increas-
ing intensity from blue to red.

Ultrasound: Imaging was performed once we- 
ekly on a Vevo 700 ultrasonic device from 
Visual Sonics (Toronto, Ontario, Canada) that 
consists of a high frequency scanhead (20-60 
MHz) allowing a resolution of 30 microns. Mice 
were anesthetized and placed on a heating pad 
with body temperature and heart rate monitor-
ing. In order to visualize the bladders they were 
distended by injecting 100 µL of PBS via a 25G 
catheter which was left in place. Sterile ultra-
sound gel was applied to the skin overlying the 
bladder and the scan head was positioned on 
the abdominal wall. Images were captured by 
serial imaging every 5 mm throughout the 
entire bladder. 

Tissue harvesting

At experiment end, mice were euthanized using 
5% isoflurane anesthetization followed by cervi-

cal dislocation. Full bladders were excised and 
preserved by immersion in 10% formalin for 24 
hour before being transferred to 70% ethanol 
until processed and embedded in paraffin. 

Immunohistochemistry

Following formalin fixation, tissues were pro-
cessed and embedded in paraffin. Sections (4 
μm) were then prepared and mounted on slides 
for staining. De-paraffinization was performed 
by incubating slides at 60°C for 1 hour followed 
by repeated xylene and ethanol submersion. 
Antigen retrieval was performed by immersing 
slides in a container of 0.1 M citrate buffer (pH 
6.0) and steaming for 30 min after which they 
were rinsed with water and incubated with 3% 
hydrogen peroxide for 3 minutes and rinsed 
again. Blocking buffer (2.5% bovine serum  
albumin in PBS) was applied to the sections 
and allowed to incubate for 1 hour at room 
temperature.

Ki67 (MA5-14520, monoclonal rabbit, Thermo- 
Fisher Scientific) staining was performed by 
incubating slides over night at 4°C with the pri-
mary antibodies at 1:50 concentration in Dako 
Antibody Diluent (Agilent Technologies, Santa 
Clara, CA, USA). Slides were rinsed in PBS and 
incubated for 1 hour at room temperature in a 
secondary HRP conjugated antibody at 1:1000 
concentration before being rinsed again. 
Terminal deoxynucleotidyl transferase nick end 
labelling (TUNEL) was performed by incubating 
slides for one hour at 37°C with terminal deoxy-
nucleotidyl transferase enzyme in a buffered 
solution containing bromodeoxyuridine (BrdU) 
incorporated nucleotides, rinsing with PBS, and 
incubating with an anti-BrdU antibody conju-
gated to biotin before rinsing again. A second-
ary HRP conjugated antibody was applied as 
mentioned above. All slides above were stained 
with a DAB+ kit (Agilent Technologies) for 30 
minutes, rinsed and stained with hematoxylin.

For H&E staining, slides were immersed for one 
minute in Mayer’s hematoxylin solution (Sigma-
Aldrich Canada Co., Oakville, ON, CA), rinsed for 
15 minutes with water, exposed to reagent 
alcohol for 30 seconds, immersed in eosin Y 
solution (Sigma-Aldrich Canada Co.) for one 
minute and rinsed again. All slides were dehy-
drated by repeated submersion in ethanol and 
then xylene, and coverslips were affixed using 
Cytoseal XYL (Thermo Fisher Scientific). Images 
were captured on a Zeiss Axioplan upright 
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microscope and processed using Zen software 
suite (Zeiss, Oberkochen, Germany).

Statistical analysis

All data is represented by means +/- standard 
error. Tumor sizes were reported as raw de- 
tection of number of photons/sec. Differences 
between groups were determined by t-test or 
ANOVA and growth rates were determined by a 
t-test on slopes in SigmaPlot (Systat Software 
Inc., San Jose, California, USA). P ≤ 0.05 was 
considered statistically significant. All experi-
ments were repeated in triplicate and in three 
independent experiments.

Results

Luciferase transfected bladder cell lines 
showed linear luminesce with cell number

In order to quantify tumor size all bladder can-
cer cell lines (UM-UC-3, UM-UC-14, T24, TCC-
Sup, J82, 5637 and RT-112) were permanently 
transfected with a luciferase gene construct by 
lentiviral transfection as previously described 
under material and methods. This allow cells to 
be detected by bioluminescent imaging through 
the abdominal wall [18]. All cells showed high 
emissions of photons (2.5×106 photons/sec 
from 1×104 cells). Furthermore, photon emis-
sion values measured in vitro are different from 
those measured in vivo due to interference by 
the abdominal wall in mice. Therefore, we opti-
mized the number of cells required for efficient 
bioluminescent intensities before intravesical 
instillation. We found that luciferase expressing 
bladder cell lines luminesce linearly with cell 
number in UM-UC-3 (Figure 1A) and in the 
other transfected bladder cancer cell lines. 
Coefficients of determination varied from 0.95 
to 0.99 depending on the cell line (data not 
shown) indicating that luminescence is a good 
proxy for cell number. Given the photon emis-
sion values in vitro and the expected interfer-
ence of the mouse bladder and abdominal wall, 
we chose a cell number 10 fold greater (approx-
imately 3×106) to ensure equivalent photon 
transmission in initial in vivo trials. A previous 
validation has shown similar results [19, 37].

Bladder tumors did not engraft using the previ-
ously published KU7 protocol

Once all bladder cancer cell lines were suc-
cessfully expressing luciferase, we decided to 

use the tumor instillation protocol from our pre-
viously published bladder cancer model. Un- 
fortunately KU7 cells were previously consid-
ered a bladder cancer cell line and later dem-
onstrated also by our group to show a HeLa cell 
genotype. We needed a certified human blad-
der cancer cell line so we selected UM-UC-3-luc 
cells, which is a human bladder cancer cell line 
of transitional cell carcinoma and of epithelial 
origin.

In a pilot study 10 athymic six-week old mice, 
were intravesically inoculated with UM-UC-3-
luc cells (procedure mentioned under material 
and methods). Results showed only 2 mice out 
of 10 with successful tumor engraftment, dem-
onstrating a very low engraftment rate when 
instilled using the previously published protocol 
for KU7 cells (Figure 1B). In comparison KU7 
results from preliminary data during the initial 
model development show an engraftment rate 
of 90% (9 of 10 mice, Figure 1C). In addition, 
initial tumor sizes three days after instillation 
are much smaller in those 2 mice (8.90×104 ± 
3.72×104 photons/sec) than results shown in 
our previous model using KU7 (2.92×106 ± 
4.94×105 photons/sec; P = 0.04). We were 
evaluating pre-treatment options when we pub-
lished the first model and it is evident that blad-
der cancer cells require a bladder pre-treat-
ment to increase engraftment rate.

Poly-L-lysine pre-treatment is better tolerated 
than trypsin

Since our previous published model did not 
show an adequate engraftment when using 
certified bladder cancer cell lines, we decided 
to evaluate the use of pre-treatments before 
intravesically inoculating the bladder with hu- 
man bladder cancer cell lines. Animal models 
for intravesical engraftment have used trypsin 
to open the junctions between the epithelial 
cells and remove the umbrella layer cells in the 
bladder lumen [36]. This presumably allows for 
a better attachment site. Poly-L-lysine has also 
been used as a pre-treatment reagent in a pre-
viously published bladder cancer syngeneic 
model [35]. Poly-L-lysine coats the lumen with a 
positive charge and aides in tumor cell adhe-
sion. In this study, we evaluated the use of tryp-
sin and poly-L lysine as pre-treatments to fur-
ther achieve tumor engraftment. Bladder pre-
treatment with 0.25% trypsin for 15 minutes 
resulted in gross hematuria in 60% (6 of 10)  
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Figure 1. Protocol used to instill KU7 cells is not effective for bladder cancer cells. A. Bladder cancer cells bioluminesce linearly with cell number as seen, for ex-
ample, in UM-UC-3-luc cells. B. Schematic of the protocol used to instill KU7-luc cells. C. Engraftment percentages and initial tumor size of KU7-luc and UM-UC-3-luc 
tumors using this protocol. Asterisks denote significant differences. P ≤ 0.05, N = 10.
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of mice and as a result these mice reached 
humane endpoint within the first day (Table 1). 
In addition, these mice presented with hunch-
ing and other abnormal behaviors such as  
lethargy and shaking. Four of ten mice were 
unaffected by trypsin pre-treatment. Bladder 
pre-treatment with 0.1% poly-L lysine showed 
no adverse clinical signs in 90% of the animals 
tested (9 out of 10). Only one mouse treated 
with poly-L-lysine presented with hunching, 
which was observed for one day without need-
ing to exclude the animal from the study. We 
could not determine whether the hunching was 
due to the pre-treatment, catheterization or 
anesthesia. Given the low rate of side effects 
from poly-L-lysine, we chose this pre-treatment 
when evaluating bladder cancer cell engraft-
ment rates. 

UM-UC-3 engraft and grow in a modified instil-
lation procedure

In order to achieve successful engraftment 
rates, the previously published bladder cancer 
model had to be modified and optimized. 
Furthermore, this procedure was used to evalu-
ate a wide variety of different bladder cancer 
cell lines as shown in Figure 2A and 2B.

Procedural modifications included (Figure 2A): 
1. Resuspension of cells prior to implantation 
in growth media rather than PBS in order to pre-
vent cells from becoming nutrient limited over 
the length of the instillation procedure. 2. Pre-
treatment of the bladder for 15 minutes with 
0.1% Poly-L-lysine. 3. Substitution of the purse 
string suture with a Vascu-Statt plastic clamp 
(midi, angled) to reduce urethral injury. 4. 
Decrease in the dwell time of the cancer cells 
from 3 h to 1.5 h to reduce urine reflux. Our 
earlier model [18] utilized a 3 h dwell time but 
our preliminary data found that when using 

7; RT-112 0 of 7; Figure 2B). UM-UC-14-luc and 
J82-luc did not grow over a 30-day period. 
5637-luc showed very modest growth (3.9 ± 
0.49 fold) but did not grow to a suitable extent 
to test therapeutics (Figure 2B). Conversely, 
T24-luc grew well at 24.7 ± 0.49 fold (P = 0.070, 
N = 7) over a two-month period, but due to the 
low bioluminescence immediately after instilla-
tion (7.52×104 ± 1.35×104 photons/sec) tumor 
size at experiment end did not surpass even 
the initial sizes of either UM-UC-14-luc (2.54× 
106 ± 6.30×105 photons/sec) or 5637-luc 
(3.65×106 ± 1.19×106 photons/sec) tumors. 
UM-UC-3-luc tumors grew quickly and reached 
a final size approximately 2100 fold larger than 
initial instillation over 30 days (3.27×109 ± 
1.98×109 photons/sec; P = 0.05 N = 10). In 
addition to increased growth, UM-UC-3-luc 
tumors appeared to be less variable in initial 
size than other bladder cancer cell lines. An 
example of tumor variability in UM-UC-14-luc 
and UM-UC-3-luc is shown in Figure 2B. 

Tumor gross appearance by ultrasound cor-
roborates bioluminescent activity

To compare the actual tumor size and mea-
sured luminescence, we have used ultrasound 
technology to visualize tumor growth. Compar- 
ative views of a selected tumor’s growth via bio-
luminescent imaging and small animal ultra-
sound can be seen in Figure 3A and 3B. A 
region of interest was marked on the mouse at 
initial imaging and bioluminescence can be reli-
ably compared over time using standardized 
software instrument settings (Figure 3A). A 
single tumor can be measured as it grows and 
the bioluminescence level compared to the 
number of cells that was determined in vitro. In 
addition, bioluminescence can be corroborated 
by ultrasound imaging of tumors in vivo as 
shown for a select mouse in Figure 3B. Our 

Table 1. Pre-treatment tolerance
Pre-treatment

Clinical Presentation 0.25% Trypsin 0.1% Poly-L-lysine
Total mice treated 10 10
Hunching 4 1
Scratching 0 0
>20% Weight loss 0 0
Hematuria 6 0
Other behaviour changes 3 0
Mice unaffected 4 9

UM-UC-3 cells up to 46.7% of mice (10 of 
21) can develop kidney tumors due to 
urine reflux. We did not optimize all dwell 
times but found that halving the time to 
1.5 h lowered the rate of kidney tumors to 
3.9%. 

Bladder cancer cell lines showed high vari-
ability in initial engraftment rate in which 
some tumors failed to engraft as defined 
by a background level of luminescence 
(UM-UC-14-luc, 7 of 7; TCC-Sup-luc, 0 of 7, 
T24-luc, 4 of 7; J82-luc, 6 of 7; 5637, 6 of 
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Figure 2. UM-UC-3-luc cells engraft and grow quickly with poly-L-lysine pre-treatment and a modified instillation protocol. A. The modified instillation protocol to in-
still UM-UC-3-luc tumors. B. Engraftment and growth (as measured by bioluminescence) of bladder cancer cells instilled using the new protocol and an example of 
reduced variability in initial tumor sizes of UM-UC-3-luc tumors relative to other cell lines. N = 7-10.
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Figure 3. Growth in UM-UC-3-luc tumors visualized by bioluminescent imaging, small animal ultrasound and immunohistochemistry. A. Images of a select mouse 
showing bioluminescence over the course of the experiment. Luminescence values are given above the images. The orange circle delineated the region of interest 
for measuring tumor luminescence. B. Select ultrasound images of the bladder with tumors outlined in red at days 5, 15 and 25. C. Hematoxylin and eosin (H&E) 
staining of normal mouse bladder and a bladder containing a UM-UC-3-luc tumor. Image of the entire normal bladder and enlarged image of the urothelium show 
normal stratified cells layers. The bladder containing a tumor is much larger with a stretched urothelium. The centre of the tumor is highly necrotic. The enlarged 
image of the tumor in a non-necrotic region shows vascularization and a lack of normal tissue patterning.
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results substantiate that luminesce intensity is 
linearly correlated with tumor size (R2 = 0.97 ± 
0.02, N = 5, data not shown) as has been previ-
ously determined [37]. 

This bladder tumor model mimics patient tu-
mors

Primary tumors in the urothelium are vascular-
ized and have cell-cell interaction with the local 
environment. To establish that our bladder can-
cer tumors in this model have similar microen-
vironment, we have taken sections of the tumor 
for histological analysis. Histology of a large 
UM-UC-3-luc tumor shows dense cell growth 
with large nuclei and prominent nucleoli (Figure 
3C). Some vascularization has occurred but the 
tumor is vastly necrotic in the centre due to 
insufficient blood supply and oxygenation. We 
were also able to observe that if UM-UC-3-luc 
tumors were left to grow longer, tumors were 
able to fill the bladder causing urethral obstruc-
tion which was considered an absolute end-
point in our model. One mouse out of 46 during 
our experimentation showed this and is repre-
sented in Figure 3C (histological sections). 

In order to determine that the UM-UC-3-luc 
tumors recapitulate a patient tumor we per-
formed a functional assay and treated estab-
lished tumors with a chemotherapeutic, mito- 
mycin C, as would occur in a clinical setting 
(Figure 4A). This treatment was applied when 
tumors were small in the 1×106 photons/sec 
range. Tumor size was significantly different 
starting at day 12. At day 21, control PBS treat-
ed tumors were 107 fold larger than mitomycin 
C treated tumors (PBS, 4.19×107 ± 1.58×107 
photons/sec; mitomycin C, 3.88×105 ± 1.57× 
105 photons/sec; P = 0.01, N = 8). At day 21 the 
mitomycin C treated tumors were not signifi-
cantly different in size to the beginning of the 
trial at day 4 (day 21, 3.88×105 ± 1.57×105 
photons/sec; day 4, 1.61×105 ± 3.70×104 pho-
tons/sec; P = 0.65; N = 8) but the PBS control 
tumors had increased to 200 fold their starting 
size (day 21, 4.19×107 ± 1.58×107 photons/
sec; day 4, 2.09×105 ± 9.66×104; P = 0.01; N = 
8). This reduction in tumor growth suggests a 
complete response to mitomycin C treatment. 
Slope analysis to compare growth rates show 
that the control group grew significantly faster 
over the experiment (control slope, 0.09 ± 0.03; 
mitomycin C slope, -0.03 ± 0.02; P = 0.007, N = 
8). 

Immunohistological staining of the treated 
tumors with H&E, Ki67 as a marker for prolifer-
ation and Tunel as a marker for apoptosis, 
shows that the surface of the tumor has been 
affected by mitomycin C treatment (Figure 4B). 
Diffuse proliferation (more than 10% of tumor 
cells) and apoptosis can also be seen through-
out the tumor. Untreated tumors (PBS control) 
show a staining pattern similar to what was 
observed in Figure 4. We can conclude that this 
model is responsive to conventional therapy 
and will be a suitable model for experimental 
therapeutics.

We have found no evidence of tumor invasion 
in our sections at experiment end. UM-UC-3 is a 
basal-type, transitional cell carcinoma cell line 
of epithelial origin with mutations in p53 and 
Kras and a mesenchymal, poorly-differentiated 
phenotype [38]. The tumors may have the 
potential, given enough time, to invade but fur-
ther study is required to determine if this is pos-
sible. Eventual tumor invasion would be consis-
tent with many non-muscle invasive bladder 
cancers (NMIBC) that further progress to mus-
cle invasive bladder cancers (MIBC).

Discussion

A wide variety of bladder cancer animal models 
have been previously utilized to evaluate exper-
imental treatments and these have highlighted 
common pitfalls in model development. Firstly, 
it is technically more challenging to establish 
an orthotopic model in the bladder than to 
establish tumors subcutaneously. The proper 
placement within the bladder is also a chal-
lenge as the natural history of urothelial carci-
noma involves transition from a luminal super-
ficial tumor to an aggressive muscle invasive 
tumor. The appropriate stage must be chosen 
in advance. Secondly, tumor take rate can vary 
greatly depending on tumor cell inoculation 
location, and the choice of chemical or physical 
pre-treatment methods to increase engraft-
ment rate. Thirdly, tumor establishment can be 
time consuming and unreliable. Initial tumors 
may grow quickly and spread beyond the 
intended site or too slowly to be practical for 
drug screening or treatment trials. Lastly, 
tumors may initially engraft in off target sites, 
potentially impeding physiological function and 
being unsuitable for the intended trial.

Mouse models for in vivo studies of bladder 
cancer have been in use for decades and fall 
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Figure 4. UM-UC-3-luc tumors respond to intravesical mitomycin C. A. Following treatment with 3.3 mg/kg mitomycin C tumor growth is arrested and then reduced 
compared to saline control (PBS). B. Hematoxylin and eosin (H&E) staining of a mitomycin C treated tumor. Ki67 shows cell proliferation in the centre of the mito-
mycin C treated tumor but not the edge exposed to the drug. Control tumors are proliferating in the non-necrotic areas. TUNEL shows apoptosis in the outer edge of 
the mitomycin C treated tumor where it was in contact with the drug and less so in the tumor centre. On the other hand, TUNEL is strongly present in the necrotic 
centre of control tumors. Asterisk denotes significant difference. P ≤ 0.05, N = 8.
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mainly into three categories: syngeneic models, 
xenograft models and transgenic models. 
Syngeneic models include those in which blad-
der cancer develops in situ, orthotopic models 
of mouse cell lines implanted into the mouse 
bladder and implantation outside the cell-origi-
nating site, most commonly subcutaneously. A 
major disadvantage of all syngeneic models is 
that they require the use of mouse-derived 
tumors. Results obtained from these models 
can only be applied to human carcinoma if it is 
first determined that the mouse microenviron-
ment and tumor cells are physiologically and 
biochemically similar to what is seen in pati- 
ents. For these reasons the use of a human-
derived bladder cancer cell line (UM-UC-3 in 
our model) is often preferred. An important 
characteristic of syngeneic models is the intact 
immune system of the host mouse. Mouse 
bladder cancer cells can effectively evade the 
adapted immune response of the host mouse 
and will often engraft and grow. This is ideal for 
studies requiring an immune component. 

In situ syngeneic bladder tumors can be initiat-
ed with chemical carcinogens such as the nitro-
samines N-Nitrosodimethylamine (NMDA) and 
N-butyl-N-(4-hydroxybutyl) nitrosamine (BBN) 
introduced in drinking water [7, 39] or through 
exposure of the bladder lumen to the parasite 
haemotobium [7]. Similar tumors arise in some 
patients with exposure to these agents making 
this model suitable for those carcinomas but 
many patients develop transitional cell carcino- 
ma without toxic exposure and its associated 
mutagenic effects. In such cases, these mod-
els may not be applicable. Furthermore, a sig-
nificant amount of time is needed to develop 
tumors in these models (commonly on the 
order of months) which may be unsuitable for 
large trials. It can therefore be advantageous to 
have a treatable tumor within a week of ortho-
topic instillation. 

Early syngeneic orthotopic models have been 
extensively reviewed by Chan et al. (1999) and 
have been modified since [9-11, 13-16, 29, 37, 
40]. The strength of an orthotopic model is that 
the developing tumor will experience a micro 
environment similar to the natural tumor state 
and can interact with the appropriate tumor 
associated cells. Unfortunately, these models 
still operate under the restriction of all synge-
neic models and assume that the mouse cells 
recapitulate the human counterparts. In addi-

tion, tumor take rates can be variable in these 
models, requiring more mice than the tumors 
required. A variety of techniques to enhance 
take rate have been employed and will be dis-
cussed below.

Non-orthotopic syngeneic models are com- 
monly used due to the ease of establishing the 
tumor, the high take rate (often 100%) and the 
speed at which they grow. Sub-cutaneous in- 
jection of MBT-2 tumor cells in the flank and/or 
shoulder of C3H/He mice is one such example 
[12]. If treatments are to be applied intrave-
nously or by intra-tumoral injection, then this 
model will suffice despite the lack of a proper 
microenvironment. An assumption must be 
made that the stromal compartment of the skin 
epithelium sufficiently recapitulates that of the 
bladder if results from these models are applied 
to bladder cancers. Orthotopic trials are neces-
sary to remove these potentially confounding 
factors. Despite this caveat, exploratory trials 
of new therapeutics can be reliably tested in 
this model before moving into an orthotopic 
trial.

Unlike syngeneic models, xenograft models 
allow for in vivo studies using human bladder 
cancer cell lines that have been validated  
in vitro to be similar to a human tumor. The 
adapted immune response of the host mice 
used in syngeneic models leads to rejection of 
human xenografts and results in a very low 
take rate. Thus, mice with a compromised 
adapted immune response such as athymic 
nu/nu mice or compromised adapted and 
native immune responses such as severe com-
bined immunodeficiency (SCID) mice are best 
used. As a result, xenograft models are unsuit-
able for cancer immunity studies. Orthotopic 
[17, 18, 20, 21, 41] and non-orthotopic [22-28, 
42] xenograft models are both used with disad-
vantages and benefits similar to orthotopic and 
non-orthotopic syngeneic models.

The third group of mouse bladder models 
includes the varieties of transgenic mice with 
spontaneous bladder carcinoma development 
[30, 31]. Each genetic alteration can be used to 
model mutations seen in existing bladder can-
cer patients without the complexity of tumor 
implantation. The draw backs are the high cost 
of transgenic mice and the specificity of the 
genetic alteration. The tumors do not represent 
the comprehensive changes seen in a bladder 
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tumor from a human patient or cell line result-
ing from cellular adaptation throughout the life 
of the tumor. 

Our model addresses many of the shortcom-
ings of existing models and our previous model 
utilizing KU7 cells. We have established an 
orthotopic xenograft model utilizing fast grow-
ing UM-UC-3 cells in athymic nude mice. As 
such, tumors are human cell line derived unlike 
syngeneic models and experience the natural 
tumor microenvironment of the bladder absent 
in non-orthotopic models. Additionally, tumors 
develop within a week unlike BBN-induced or 
spontaneous in situ models and the use of 
athymic nude mice is cost effective relative to 
tansgenics. Our engraftment rate is 84.4% 
overall and as high as 90%. A criticism of intra-
vesical models is that the tumor may establish 
itself in off-target sites such as the ureter and 
kidney due to reflux or in the urethra due to 
pressure from bladder filling during inoculation. 
Our engraftment rates only include mice with 
tumors in the bladder that did not cause urinary 
tract obstruction. Off target engraftment in this 
model was 8.2 ± 1.8%. This model is tightly 
confined to the target site as we did not observe 
tumors invading through the bladder wall or 
establishment of tumors outside the bladder.

In order to obtain our engraftment rate, we 
evaluated select previously utilized pre-treat-
ment options. Various methods have been test-
ed to increase cancer cell attachment by dis-
rupting the glycosaminoglycan layer of the blad-
der or by separating or removing umbrella cells. 
We evaluated a pre-treatment of trypsin as 
used in a previous orthotopic xenograft [36] at 
a concentration of 0.25% for 15 minutes. Forty 
percent of mice showed gross hematuria and 
all xenografts grew slowly. We did not test phys-
ical bladder wall injury [21], or electrocautery 
[9, 17] as bladder damage has been found to 
cause undetected perforations and potential 
spread of the tumors to the intraperitoneal 
space [10]. Chemical damage using silver 
nitrate [20] and acid [43] was avoided due to 
expected hematuria in the nude mice as was 
found with trypsin treatment. We believe the 
cationic polypeptide, poly-L-lysine, for 15 min-
utes is the best alternative [16, 35, 40, 44]. 
Poly-L-lysine increases the electrostatic inter-
action between cells rather than damaging 
them and we have found no complications as 
yet from this pre-treatment. Furthermore, poly-
L-lysine has been found to result in a smaller 

percentage of invasive tumors in a rat model 
[45] although it did not increase engraftment 
over trypsin, acid or PBS. This may be because 
that model utilized a syngeneic, spontaneous 
tumor-derived cell line with different adherence 
properties than the human UM-UC-3 cells. 

An important factor in establishing this model 
was the need for a superficial orthotopic xeno-
graft bladder cancer model. An intramural 
orthotopic xenograft model that has been pre-
viously developed in our centre [19] and has 
been later adapted to a syngeneic model [11] is 
excellent for modelling muscle invasive bladder 
cancer but is not ideal for initially superficial 
tumors or intravesical therapy. The mentioned 
model involves tumor cell injection into the 
intramural space next to the muscle in the blad-
der wall. Both this model and our current model 
utilize bioluminescent imaging with ultrasound 
confirmation as had been previously validated 
[37]. Unfortunately, these tumors do not follow 
the natural history of originating in the epitheli-
um and growing into the lumen prior to muscle 
invasion and as such cannot be used to model 
a superficial tumor. In addition, this model has 
an intact epithelium and any therapeutics that 
are delivered intravesically will first have to be 
evaluated for their ability to diffuse through the 
tightly sealed bladder wall. Our model allows for 
direct exposure to intravesical therapy similar 
to what occurs during BCG or chemotherapy fol-
lowing transurethral resection of bladder tumor 
(TURBT) in the clinical setting.

We believe that our model supplements the 
existing intramural model by providing a sys- 
tem to evaluate tumors prior to invasion, term- 
ed the superficial stage. Our cell line of choice, 
UM-UC-3-luc, developed reliable and reproduc-
ible tumors that are detectable within the first 
week post-implantation and represent a super-
ficial phenotype as invasion was not observed 
in our model system. We believe that treatment 
of tumors in our model with experimental thera-
peutics recapitulates treatment of a superficial 
patient tumor to the closet extent that we can 
currently achieve.
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