
© 2016 Smolensky et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php  
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Drug Design, Development and Therapy 2016:10 3305–3322

Drug Design, Development and Therapy Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
3305

R e v i e w

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org/10.2147/DDDT.S112113

Molecular targets in urothelial cancer: detection, 
treatment, and animal models of bladder cancer

Dmitriy Smolensky1,2

Kusum Rathore1

Maria Cekanova1,2

1Department of Small Animal Clinical 
Sciences, College of veterinary 
Medicine, 2UT-ORNL Graduate School 
of Genome Science and Technology, 
The University of Tennessee, 
Knoxville, TN, USA

Abstract: Bladder cancer remains one of the most expensive cancers to treat in the United 

States due to the length of required treatment and degree of recurrence. In order to treat blad-

der cancer more effectively, targeted therapies are being investigated. In order to use targeted 

therapy in a patient, it is important to provide a genetic background of the patient. Recent 

advances in genome sequencing, as well as transcriptome analysis, have identified major 

pathway components altered in bladder cancer. The purpose of this review is to provide a 

broad background on bladder cancer, including its causes, diagnosis, stages, treatments, ani-

mal models, as well as signaling pathways in bladder cancer. The major focus is given to the 

PI3K/AKT pathway, p53/pRb signaling pathways, and the histone modification machinery. 

Because several promising immunological therapies are also emerging in the treatment of 

bladder cancer, focus is also given on general activation of the immune system for the treat-

ment of bladder cancer.
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Introduction
Bladder cancer is the fifth most common cancer in the United States and accounts for 

4.5% of all new cancer cases.1 In 2016, an estimated 76,960 new patients will be diag-

nosed with bladder cancer, whereas 16,390 will die from complications of this disease.2 

Bladder cancer is the fourth most common cancer diagnosed in males and is three times 

less common in females.3 The most common type of bladder cancer is transitional cell 

carcinoma (TCC), also known as urothelial cancer, and accounts for .90% of all bladder 

cancer cases in the United States.4–6 Transitional cells are specialized epithelial cells 

that line the inside of the bladder and some other organs; unlike normal epithelial cells, 

transitional cells can contract or expand. Less common types of bladder cancer include 

squamous cell carcinoma and adenocarcinoma.7 Even rarer are sarcomas, which account 

for ,1% of bladder cancers; sarcomas do not arise from the urothelial layer but from 

the stroma layers of the bladder.8 Because of the rarity of other types of bladder cancers, 

TCC is the most studied of the bladder cancers and is the focus of this review.

This review summarizes the risk factors for developing bladder TCC, molecular 

markers for diagnosis, and personalized targeted therapies of TCC and the outcomes 

of current clinical trials and studies using animal models to advance knowledge in 

managing bladder cancer.

Risk factors
The nonenvironmental risk factors for bladder cancer include age, sex, ethnicity, body 

weight, lifestyle, and familial history. With increasing age, the risk of developing 
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bladder cancer increases. Currently, the median age of 

patients diagnosed with TCC is between 65 years and 

70 years.9 For unknown reasons, bladder cancer is three 

to four times more likely to occur in men than in women.6 

While the exact mechanism to account for the difference in 

risk of developing TCC as it relates to sex is unknown, in a 

study using a nude mice transplant model, it was determined 

that bladders of mice injected with male androgen hormones 

progress more often to carcinogenesis than bladders of mice 

treated with female estrogenic compounds.9,10 While race 

seems to be a contributing factor in the male population, with 

white males having twice the incidence of Asian, black, or 

Hispanic males, the difference in incidence due to race in 

females is far less pronounced.9 One interesting finding in 

the difference between black and white males who develop 

bladder cancer is that white males in the United States 

are more likely to develop noninvasive bladder cancer, 

whereas black males are more likely to develop invasive 

bladder cancer, leading to a worse survival rate in the black 

male population.9,11,12

Lifestyle choices linked to cancer risks have been 

documented in many studies, and there is overwhelming 

evidence that obesity, poor diet, and physical inactivity 

are linked to increased risk of developing several types of 

cancers.13 A strong correlation exists between obesity and 

an increased risk for development of bladder cancer.14 It was 

recently shown that the combination of smoking and obesity 

not only increased the risk of developing bladder cancer, 

but also significantly increased the risk of bladder cancer 

recurrence and mortality of patients who were already suc-

cessfully treated for noninvasive bladder cancer.15 Because 

many toxins are expelled through excretion via the urinary 

system, those toxins can accumulate in the bladder and 

promote the initiation of bladder cancer. In addition, poor 

quality of drinking water with contaminants and/or additives 

has been linked to bladder cancer risk factors. The long-term 

consumption of chlorinated drinking water containing a 

complex mixture of chlorinated and brominated byproducts 

with mutagenic and carcinogenic properties was associated 

with bladder cancer with a combined risk estimate of 1.4 for 

men on the basis of five studies and 1.2 for women on the 

basis of five studies as reviewed in the study of Villanueva 

et al.16 In addition, previous studies demonstrated that high 

levels of arsenic in drinking water are associated with 

excess cancer risk factors for bladder cancer.17,18 According 

to the US Environmental Protection Agency, the maximum 

contaminant level of arsenic in drinking water is 10 µg/L, 

which has been associated with bladder cancer risk.19 Some 

of the major environmental factors of developing TCC 

include use of tobacco products, occupational carcinogens 

(eg, arsenic), and prior chemotherapeutic drug exposure. 

Tobacco use is perhaps the best documented risk factor for 

developing TCC.20 A recent study has shown that cigarette 

smoking accounts for .50% of all bladder cancer diagnoses 

in the United States.21 Cessation of smoking reduces the risk 

of recurrence of bladder cancer even if the initial diagnosis 

occurred while the patient was an active smoker.22 These 

findings suggest that the continuation of smoking increases 

the risk of bladder cancer recurrence.

There are many occupational hazards that increase the 

risk of developing bladder TCC as well. These risk factors 

include, but are not limited to, exposure to diesel exhaust, 

polycyclic aromatic hydrocarbons, and certain pesticides 

and herbicides.23–25 It has been reported that patients treated 

with cyclophosphamide (Cytoxan) can develop renal or 

bladder cancer as one of the possible adverse events of 

chemotherapy.20,26 Therefore, lifestyle intervention would 

greatly benefit prevention and management, as well as 

decrease recurrence of bladder cancer.

While familial bladder cancer seems to be rare, it has 

been determined that the risk of developing bladder cancer 

increases two-fold when another close family member has 

already been diagnosed with bladder cancer.20 It has been sug-

gested that familial mutations of the pRb may contribute to 

the risk of developing bladder cancer.27 The p53/pRb pathway 

is also often altered in bladder cancer and will be covered in 

detail in the “Molecular targets” section. In addition, some 

evidence suggests that individuals, especially smokers with 

genetically overactive CYP1A2, may be at greater risk 

for developing bladder cancer.28 Specific mutations in the 

CYP1A2 gene can be activated by carcinogens present in 

cigarette smoke, including 4-aminobiphenyl, which can form 

DNA adducts and cause mutations of other genes.28,29

Diagnosis and staging
The most common signs and symptoms of bladder cancer 

include blood in the urine and pain during urination.6 Several 

invasive and noninvasive techniques exist to diagnose 

bladder cancer. One of the primary noninvasive techniques 

is urine cytology evaluation, in which cells that are shed 

can be observed for any abnormalities or malignancies.30 

A urine culture may be inoculated in order to differentiate 

the diagnosis from an infection.30 While a positive result 

from urine cytology test for presence of cancer cells can 

be used as a diagnosis, a negative result does not always 

indicate absence of cancer.30 The urine sample can be used 
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for detection of bladder cancer biomarkers. One of the most 

common biomarker tests is the bladder tumor antigen test; 

however, the test’s specificity and sensitivity can vary greatly, 

with a high incidence of false positives.31 Several biomarkers 

that are used in combination to diagnose bladder cancer are 

reviewed by Tilki et al.31

Cystoscopy followed by biopsy is the gold standard 

for diagnosis of bladder cancer.30 Currently, two forms of 

cystoscopy are available: white light cystoscopy and fluores-

cence cystoscopy. While papillary tumors can almost always 

be seen using white light cystoscopy, it becomes much more 

difficult to detect carcinoma in situ using white light cysto-

scopy alone. In a study by Fradet et al,32 only 62% of tumors 

were detected during white light cystoscopy; however, 92% 

of carcinomas in situ were detected when fluorescent cysto-

scopy was applied. The ability to differentiate tumor tissues 

from surrounding normal tissues using targeted fluorescence 

imaging will help to improve diagnosis, as well as outcome 

of image-guided surgeries in patients diagnosed with bladder 

cancer. Nontargeted fluorescent imaging agents, such as 

hexaminolevulinate and 5-aminolevulinic acid, accumulate 

in cancer tissue, providing an increased signal when com-

pared with normal epithelium. Additionally, porphyrins 

emit red light when excited with blue light for detection.33 

Fluorescence cystoscopy detects up to 15% more tumors than 

white light cystoscopy. Patients diagnosed to be positive via 

urine cytology tests but negative via white light cystoscopy 

are excellent candidates for fluorescence cystoscopy.33–35 

Targeting specific markers that are overexpressed in tumors by 

imaging agents is a key strategy for detection of tumor versus 

normal tissue. Development and synthesis of new imaging 

agents that specifically target tumor tissue are currently 

under intensive investigation (reviewed by Kim et al36 and 

deBoer et al37). One example of such an agent is fluorocoxib 

A, a novel derivative of indomethacin that specifically binds 

to cyclooxygenase-2 (COX-2)-expressing bladder cancers.38–40 

Fluorocoxib A has shown promise in detection of bladder 

TCC using mouse and canine bladder cancer models.39

Other imaging modalities used for the diagnosis of 

bladder cancers are computed tomography (CT), magnetic 

resonance imaging, and ultrasound.41 CT has been successful 

in imaging of bladder cancer and has advantages of being less 

invasive than cystoscopy. While sensitivity of CT was found 

to be as high as 95%–99%, it fell short in specificity (~83%), 

with false positive results in detection of bladder cancer.42 

A combination of CT with cystoscopy improves diagnosis 

of bladder cancer to 100% with 94% specificity.42 Magnetic 

resonance imaging, while not often used for diagnosis of 

bladder cancer, is an excellent imaging method to stage 

bladder cancer.43 Staging accuracy for differentiation between 

invasive and superficial bladder cancers was improved to 

85%.44 Sensitivity of ultrasound is ~72% and that can be 

further improved by contrast-enhanced ultrasound with a 

sensitivity of 88%; however, detection of tumors ,5 mm 

diameter is only 20%.45

After cystoscopy, the obtained biopsy sample is histo-

logically evaluated for confirmation, grading, and staging of 

bladder cancer.46 The classic tumor/node/metastasis (TNM) 

staging method (Table 1)9,47 involves evaluating the condi-

tion of the tumor and if it has invaded surrounding tissue 

(T), lymph node involvement (N), and metastasis (M).47 

When the tumor is present on the epithelial layer and has 

not breached the basement membrane into the surrounding 

muscle tissue, it is referred to as a noninvasive superficial 

tumor or carcinoma in situ.6,48 When tumor cells breach 

the basement membrane and invade the muscle tissue 

Table 1 Clinical staging of bladder cancer

Stage Tumor (T) Lymph node involvement (N) Metastasis (M)

Stage 0a Ta: noninvasive papillary carcinoma N0 M0
Stage 0is Tis: carcinoma in situ N0 M0
Stage i T1: has grown into connective tissue N0 M0
Stage ii T2a: has grown into inner half of muscle layer N0 M0

T2b: has grown into outer half of muscle layer N0 M0
Stage iii T3a: microscopic invasion of surrounding fatty tissue N0 M0

T3b: macroscopically detectable invasion of  
surrounding fatty tissue

N0 M0

Stage iv T4a: spread into prostate (men) and uterus (women) N0 M0
T4b: has grown into pelvic or abdominal wall N0 M0
Any T N1–3: lymph node involvement in  

proximal or distal lymph nodes
M0

Any T Any N: any lymph node involvement M1: metastasis present

Notes: According to American Joint Committee on Cancer (AJCC). N0, no lymph node involvement; M0, No signs of metastasis.
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surrounding the bladder and other organs, it is referred to 

as invasive TCC6,49 and is associated with a poor prognosis.6 

While the 5-year survival rate of patients diagnosed with the 

early stages of bladder cancer is 69.2%, the survival rate 

drops drastically to only 5.5% for patients diagnosed with 

metastatic bladder cancer.50

Current treatment options
Treatment of bladder cancer depends on the level of invasion 

and metastasis of the tumor and is divided into two distinct 

categories: superficial and invasive bladder cancers.

Superficial bladder cancer is well managed by trans-

urethral resection, followed by intravenous or intravesical 

(directly into the bladder) administration of chemotherapeu-

tic drugs, such as mitomycin, epirubicin, or doxorubicin.51–53 

This combination therapy is extremely important due to the 

high rates of bladder cancer recurrence.6 The intravesical 

injection of bacillus Calmette–Guérin (BCG), as adjuvant 

immunotherapy, activates the immune system in the patient 

and greatly increases progression-free survival rates.53,54 

For noninvasive bladder cancer, BCG has been shown to 

be more effective than chemotherapy in preventing bladder 

cancer recurrence.55,56 Management and treatment of patients 

with muscle invasive bladder cancer are usually a radical 

cystectomy (removal of whole bladder) and possibly removal 

of surrounding organs, such as lymph nodes; prostate and 

seminal vesicles in men; and the uterus, ovaries, and part 

of the vagina in women.6 Radical cystectomy is usually 

followed by adjuvant therapy, such as chemotherapy and 

radiation therapy. Chemotherapy protocols without radiation 

include several options, such as cisplatin alone, cisplatin 

with 5-fluorouracil, and mitomycin with 5-fluorouracil.57 

Chemotherapy protocols in conjunction with radiation 

include gemcitabine with cisplatin; the MVAC protocol, 

which includes methotrexate, vinblastine, doxorubicin 

(adriamycin), and cisplatin; or a combination of carboplatin 

with either paclitaxel or docetaxel.57 Recently, Kanatani 

et al58 have shown that cisplatin-based adjuvant therapy, 

including MVAC, greatly increases median survival time in 

patients with node-positive bladder cancer, while increas-

ing body mass index. On the other hand, cisplatin-based 

therapy had poor tolerance, and the dose must be lowered 

for many patients who experienced side effects.58 Because 

side effects of chemotherapy can be intolerable for some 

patients, research is focused on development of targeted 

therapies that have fewer side effects. More information on 

treatment options of bladder cancer can be found in a review 

by Carballido and Rosenberg.59

Molecular targets
In order to develop proper targeted therapy for any cancer, 

the molecular targets that drive the cancers need to be 

well understood. Like other types of cancers, bladder 

cancer development is a multistage process beginning 

with initiation, promotion, and progression.60,61 In col-

orectal cancer progression, the loss of tumor suppressor 

APC is common in the early stages of cancer (initia-

tion/promotion), whereas the loss of tumor suppressor 

BRCA1 or BRCA2 is common in breast cancers.62,63 The 

multistage process of carcinogenesis is not different in 

bladder cancer, but has its own unique pathways/genes 

that are commonly altered.64–66 In 2014, the Genome Atlas 

Research Network (the Cancer Genome Atlas, TCGA) 

published a study that not only outlined genome, tran-

scriptome, and mutational data but also correlated many 

molecular events with specific stages and prognosis of 

patients in 131 urothelial carcinomas.65

p53 and pRb pathways in regulation of 
bladder cancer cell cycle
As the cell undergoes stress with induction of DNA 

damage, the p53 protein is activated and localizes to the 

nucleus, where it functions as a transcription factor. The 

p53 protein controls cell cycle arrest genes, such as p21 

and p16, as well as proapoptotic proteins, such as Bax.67 

The p21 and p16 proteins are cyclin-dependent kinase 

inhibitors that prevent the downstream phosphorylation of 

pRb. The unphosphorylated pRb inhibits progression from 

the G1 to S phase of the cell cycle.68 The p53 protein is a 

tumor suppressor, and the gene coding for p53 is mutated 

in .50% of all cancers.69 The p53 pathway is disrupted in 

invasive bladder cancer and has been correlated with poor 

clinical outcome, progression to invasive from noninvasive 

bladder cancer, and resistance to radiation therapy.70–73 The 

TCGA network found that the p53/pRb pathway is altered 

in 93% of patients whose genome was sequenced.65 In many 

aggressive bladder cancers, the p53 gene is mutated, over-

expressed, and highly localized to the nucleus, where it is 

rapidly degraded.70 Further progression indicates loss of 

function of pRb and loss of expression of tumor suppressor 

genes p21 and p16.73,74 While p16 and p21 are within the p53 

pathway, their expression can be dependent or independent 

of p53.73,75 The most interesting feature of this pathway in 

bladder cancer is that loss of function of expression of p53, 

p21, pRb, and p16 proteins appears to have an additive 

negative prognostic effect, suggesting that more than one 

linear pathway is responsible.73 Other pathway genes that 
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underwent alterations include ataxia telangiectasia mutated 

(activator of p53), MDM2 (inhibitor of p53), EF2A (target 

of pRb), and FBXW7 (ubiquitin kinase of cyclin E).65

While the alterations in the p53/pRb pathway have been 

clearly characterized, new sequencing data reveal other pos-

sible drug targets. For example, a study by Network65 reports 

that the p16 coding gene had an altered copy number in 46% 

of tested tumor samples.65 Many possible drug targets have 

been identified within the pRb pathway, but because mul-

tiple alterations have an additive effect in one pathway, it is 

vital to study and develop drugs that act independent of the 

p53 pathway. This approach, if successful, will allow better 

treatment of patients with more invasive bladder cancer and 

perhaps circumvent it altogether. It is also important to study 

the effects of drugs on urothelial cancer cell lines that have 

mutated p53 and altered expression of p21, p16, and pRb to 

better understand their roles in bladder tumorigenesis. Both 

T24 and UMUC3 human bladder cancer cell lines contain 

mutated p53 genes.71 T24 cells have an in-frame deletion of 

Y126, whereas UMUC3 cells have two mutations consisting 

of R72P and F113C.71,76 It is important to note that human T24 

and UMUC3 cells have a mutation that is within the DNA 

binding domain of p53 protein, which has been shown to be a 

mutated in many cancers.77 The 126 and 113 residues of p53 

are both close to the K120 residue, which has been shown to 

be a contact site interacting with the major groove of specific 

DNA sequences,78 suggesting that the mutant p53 protein of 

T24 and UMUC3 cell lines has a similar level of dysfunction. 

Furthermore, the UMUC3 cell line has an additional mutation 

that is within the proline-rich domain, which lies between the 

transactivation domain and the DNA binding domain.79 At the 

same time, both T24 and UMUC3 cell lines have been shown 

to be more resistant to radiation therapy when compared with 

cell lines containing a wild-type version of the p53 gene.76 

Recently, Zhu et al72 have shown that silencing of mutant 

p53 in T24 cell line inhibited cell growth, induced apoptosis 

through caspase activation, and lowered the expression of 

cyclins A and B1. Lowering the expression of mutant p53 also 

sensitized bladder cancer cells to chemotherapeutic drugs.72 

Another study showed that a mutant p53 protein can activate 

oncogenic genes, such as GEF-H1 at the transcription level 

in osteosarcoma cell line and increase cell proliferation.80 

On the other hand, mutant p53 protein has been shown to be 

activated by small molecule drugs such as PRIMA-1 and is 

able to induce apoptosis in bladder cancer cells including T24 

similar to the wild-type protein.81

While circumventing the p53 pathway has proven to 

be difficult, drugs such as doxorubicin have been shown to 

function in both a p53-dependent and -independent manner, 

which warrants further study on the efficacy of Dox and 

p53 pathway status.82 Because p53 is often accumulated 

inside neoplastic cells, it undergoes proteolysis and is pro-

cessed to be expressed on the cell surface with human major 

histocompatibility complex HLA-A2.83 ALT-801, a drug 

currently in clinical studies, targets this unique surface repre-

sentation of p53 peptide 264–272 with the HLA-A2 complex 

by an antibody linked to interleukin-2, which is capable of 

recruiting cytotoxic T-lymphocytes selectively to tumors84 

(Table 2). Another method of targeting cell cycle abnormali-

ties in bladder cancer is to use a nonspecific, antimitotic, 

or anti-DNA synthesis chemotherapeutic agent. Cisplatin-

based therapies, including MVAC, have been extremely 

successful in the past.85 Several anticell cycle drugs, such as 

amrubicin – a derivative of the popular drug doxorubicin, are 

being researched to treat bladder cancer (Table 2).

Receptor tyrosine kinase signaling 
pathways
Receptor tyrosine kinase (RTK) pathways are commonly 

activated in earlier stage bladder cancer. RTKs are often 

deregulated in various types of cancers, and one major 

hallmark of malignancy is RTK independence from growth 

factors by amplification or an activating mutation.86 In bladder 

cancer, the altered RTKs include, but are not limited to, 

epidermal growth factor receptor (EGFR), ERBB2, ERBB3, 

and fibroblast growth factor receptor 3 (FGFR3).65 The 

downstream activators of RTKs are MAPKs and PI3K/AKT, 

which lead to the activation of many downstream products 

that induce cell proliferation.

In noninvasive bladder cancer, it is common to detect 

a mutation of the FGFR3 gene, or less commonly, a 

direct mutation of RAS itself.75,87,88 While mutation of the 

p53 tumor suppressor gene is very common in invasive 

bladder cancer, mutated FGFR3 and p53 are rarely found 

together.75,87 This may indicate two different models of ini-

tiation of bladder cancer, one leading to a far less aggressive 

cancer than the other. In another scenario, mechanistic target 

of rapamycin (mTOR), a downstream target of PI3K/AKT, 

has been linked to poor prognosis in bladder cancer patients 

with increased mortality.89 One major obstacle is to determine 

which gene alterations in the tyrosine kinase pathway are 

associated with transition to a more invasive bladder cancer 

and select better drug targets for patients with recurrent or 

invasive bladder cancer. Another important consideration 

is the ability to select good candidate patients for therapies 

targeting various parts of the RTK signaling pathways. 
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As FGFR3 alterations are often associated with noninvasive 

and nonrecurrent bladder cancer, HER2 and EGFR alterations 

are associated with poor prognosis and more invasive bladder 

cancers.90–92 While these findings suggest that certain tyrosine 

kinase receptors may prove to be a valuable target for cancer 

therapy, each of them are overexpressed in a small subset of 

cancers. For example, a meta-analysis of 2,242 patients in nine 

separate studies showed that the incidence of ERBB2-positive 

(overexpressing) cancers ranged from 27.8% to 85.2%, with 

the pooled average of ERBB2-positive cancers at 41.2%.92

Another important RTK family protein is vascular 

endothelial growth factor receptor (VEGFR) and its ligands, 

which play an important role in angiogenesis, as well as cell 

survival and proliferation. Both VEGFR1 and VEGFR2 

are overexpressed in bladder cancers, and bladder cancers 

express the vascular endothelial growth factor (VEGF) 

Table 2 Overview of clinical trials for bladder cancer

Target pathway Drug Mechanism/target Trial phase Reference

Tyrosine kinase Bevacizumab veGF-A binding/inhibition iii 95
Ziv-aflibercept196 veGF binding/inhibiting agent i 196
Cabozantinib veGFR-2 inhibitor ii 197
Pazopanib inhibitor of several tyrosine kinases ii 198
Tamoxifen Antagonist of estrogen receptors ii 199
Buparlisib Pi3K inhibitor ii 200
Dovitinib FGFR and veGFR inhibitor ii 201
MeK162 MeK inhibitor ii 202
MGAH22 HeR2-targeting antibody i 203
Afatinib eGFR and HeR2 inhibitor ii 94
AZD5312 Androgen receptor antisense inhibitor i 204

Pi3K/AKT/mTOR everolimus mTOR inhibitor (mTORC1 and mTORC2) i, ii 205
Rapamycin mTOR inhibitor i, ii 206
ABi-009 (albumin-bound rapamycin) mTOR inhibitor i, ii 207

immunotherapy ALT-801 p53/HLA-A2-expressing tumor cells i, ii 84
HS-410 immune activator along with BCG i, ii 208
ALT-803 immune activator through iL-15 i, ii 209
ipilimumab CTLA-4 antibody ii 117
MeDi4736 PDL1 antibody antagonist i 111
Tremelimumab CTLA-4 antibody Down regulation of T-reg cells i 210
AGS15e Slitrk6 targeting immunotherapy i 211
MK-3745 (pembrolizumab) PDL1 i, ii 110
Ad/HeR2/Neu vaccine vaccination/immune activation i 212
SAR566658 Anti-CA6-DM4 immunotherapy i 213
Lenalidomide immunomodulation i 214
MPDL3280A Anti-PDL1 immunotherapy ii 112

Cell cycle eribulin mesylate Microtubule formation/mitosis i, ii 215
Abraxane Protein-bound paclitaxel – mitosis i, ii 216
Tesetaxel Tubulin stabilization – antimitotic ii 217
ASG-22Ce inhibition of tubulin formation in cancer cells  

by targeting cells expressing adhesion molecule  
nectin-4 with monomethyl auristatin e

i 218

Amrubicin Anthracycline targeting topoisomerase ii ii 219
Gemcitabine Nucleoside analog targeting S phase iii 220

epigenetic changes 5-Fluoro-2-deoxycytidine with  
tetrahydrouridine

inhibition of DNA methylation/cytosine  
deamination

ii 129

Romidepsin HDAC inhibitor i 128
Other targets BBi608 Cancer cell stemness i, ii 221

Ganetespib inhibition of HSP90 i 125
OGX-427 HSP27 inhibitor ii 126
veliparib PARP inhibitor i 222

Notes: Several studies used drugs in combination with other drugs as part of the traditional protocols for treatment of bladder cancer. This table does not represent all 
clinical trials sponsored by NCi, but a selected subset of trials with relevance to this review article.
Abbreviations: veGF, vascular endothelial growth factor; veGFR, vascular endothelial growth factor receptor; mTOR, mechanistic target of rapamycin; mTORC, mTOR 
complex; PDL1, programmed death ligand 1; eGFR, epidermal growth factor receptor; BCG, bacillus Calmette–Guérin; NCi, National Cancer institute; HDAC, histone 
deacetylase; PARP, poly ADP ribose polymerase. FGFR, fibroblast growth factor receptor; MEK, mitogen-activated protein kinase kinase; PI3K, phosphatidylinositol-3-kinases; 
HeR2, human epidermal growth factor receptor 2; HLA-A2, human leukocyte antigen A2; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; HSP, heat shock protein.
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ligands for new blood vessel formation.93 Currently, there 

are a number of ongoing studies targeting RTKs in bladder 

cancer sponsored by the National Cancer Institute (NCI) 

(Table 2). RTK inhibitors function by inhibiting the recep-

tor, as in the case of afatinib, which targets both EGFR and 

ERBB2 and has shown much promise by sensitizing murine 

bladder cancers to radiation.94 Bevacizumab, an antibody that 

binds to VEGF-A and inhibits its interaction with VEGFR, 

is currently under investigation as novel therapy for bladder 

cancer and renal cancers.95

Downstream of RTKs are cascades of signaling pathways, 

including the PI3K/AKT pathway. The PI3K/AKT pathway 

has been greatly implicated in the progression of bladder 

cancer. The ligand binds to RTK protein and is followed by 

self-phosphorylation of RTK and downstream activation of 

PI3K through the phosphorylation of the p85 subunit. The 

PI3K complex is responsible for the conversion of phosphati-

dylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 

3,4,5-trisphosphate (PIP3). PIP3 induces AKT activation 

by phosphorylation at the Tyr308 residue and, in turn, 

AKT phosphorylates AMPK as well as several other target 

proteins. Downstream of MAPK, through the inhibition of 

TSC1/2 by AKT, mTOR is activated and induces cell growth, 

survival, and further resistance to apoptosis.96 A negative 

regulator of the PI3K/AKT pathway is the tumor suppressor 

gene PTEN, which is responsible for reverting PIP3 to 

PIP2.97 The inactivation of PTEN carries a poor prognosis 

in bladder cancer patients and this poor prognosis is further 

increased with the loss of p53, thus linking the p53 cell cycle 

pathway to the PI3K/AKT/mTOR pathway and suggesting 

the two pathways may work in combination to progress  

bladder cancer.97,98 One interesting feature about the PI3K/

AKT/mTOR pathway is that while it has been found to be 

altered in 72% of cancers, the alterations tend to be mutu-

ally exclusive, suggesting that altering only one gene in the 

pathway is enough to activate the downstream signaling 

cascade needed for enhanced tumorigenesis.65 For example, 

mutations in PI3K subunit PI3KCA, AKT3, and TSC1 were 

almost never found in the same tumor sample.65 Due to the 

variance and mutual exclusivity of these alterations, it will 

be extremely important to screen patients using genetic tests, 

as well as expression profiles, in order to better predict which 

patients are good candidates for the therapy targeting the 

specific proteins of the PI3K pathway. This makes the down-

stream target, mTOR, a valuable drug target for bladder can-

cer treatment. Drugs, currently under investigation, include 

rapamycin, albumin-bound rapamycin, and everolimus. One 

setback with using mTOR inhibitors such as rapamycin is 

that only the mTOR complex 1 (mTORC1) is sensitive to the 

drug, while the assembly of mTORC2 appears to be resistant. 

mTORC2 can phosphorylate AKT at the Ser473 residue and 

thus induce the AKT signaling cascade and still increase 

mTOR activation; through this feedback loop, cancer cells 

can develop resistance to mTOR-targeting therapies.99 

New drugs such as everolimus inhibit the assembly of both 

mTORC1 and mTORC2, thus providing a more efficient tool 

to inhibit the PI3K/AKT/mTOR pathway.100

As bladder cancer progresses, more pathways are acti-

vated in order to facilitate survival, invasion, and metastasis. 

In bladder cancer, angiogenesis, measured by microvessel 

density, has proven to be an independent prognostic indicator 

when it comes to survival and, in some cases, staging.66,101 

One of the main pathways activated in angiogenesis is the 

VEGF pathway that is directly regulated by hypoxia.66,101,102 

When cells are depleted of oxygen, hypoxia-induced factor 1 

and 2 (HIF-1 and HIF-2) are stabilized on the protein level.102 

HIF-1 and HIF-2 are transcription factors that directly upreg-

ulate VEGF expression.102 Another way to increase VEGF 

expression is activation of the EGFR.103 Basic fibroblast 

growth factor (bFGF) is another angiogenic protein and has 

been shown to be an important prognostic marker in bladder 

cancer.104 The regulation of bFGF expression is increased 

upon the activation of the protein kinase C pathway, which 

is activated in most cancers by increasing cAMP concentra-

tion due to hypoxia and low energy levels.105 Inflammation 

in the cancer site and release of inflammatory signals such as 

interleukin-8 (IL-8) work as chemoattractants and also recruit 

blood vessel growth at the site inflammation.106,107 The p53 

tumor suppressor, which is altered in many bladder cancers, 

has also been linked to angiogenesis.66

Role of the immune system
Treatment of bladder cancer has had a long history with 

immunotherapy in order to activate the immune system to 

target cancer cells. BCG, injected directly into the bladder 

as an adjuvant to chemotherapeutic agents, has been used 

for over three decades.108 Evasion of the immune system 

is a well-established hallmark of malignancy, and thus, 

increasing the efficacy of the immune system in bladder 

cancer has been an active area of research.86 There are two 

major approaches in targeting the immune system as an 

anticancer therapy. The first approach is to activate the 

immune system against the tumor by blocking or inhibiting 

negative regulators. The second approach is to increase the 

immune response using agonist cytokines. Programmed 

death ligand 1 (PDL1), along with its receptor programmed 
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death 1 (PD1), has been implicated as one of the mecha-

nisms cancer cells use to suppress immune response. 

PD1 is expressed on T-cells and is a negative regulator 

of T-cell response, whereas PDL1 is overexpressed by 

various types of cancers in order to suppress the immune 

response in the tumor environment. Tumor-infiltrating 

T-cells express high levels of PD1 and therefore are very 

sensitive to negative regulation by PDL1.109 Several drugs 

target the PD1/PDL1 interaction, including MPDL3280A, 

pembrolizumab, and MEDI4736 (Table 2). For example, 

MK-3745, also known as pembrolizumab, is an antibody 

raised against the PD1 receptor and blocks the PD1 to 

PDL1 interaction.110 On the other hand, MEDI4736 and 

MPDL3280A are antibodies against the actual PDL1 

ligand antibody, which block the interaction between 

PD1 and PDL1.111,112

Another negative regulator of the immune system is the 

CTLA-4 antigen, which is highly expressed on regulatory 

T-cells and serves to disrupt the cytotoxic T-cell response.113 

Blocking antibodies of CTLA-4, including tremelimumab 

and ipilimumab, are currently under investigation to treat 

bladder cancer (Table 2). While studies using anti-CTLA-4 

antibodies for bladder cancer are relatively new, both treme-

limumab and ipilimumab have been effective in the treatment 

of lymphoma patients. Tremelimumab increases memory 

T-cell proliferation in lymphoma patients, thus potentiating 

a better immune response against cancer.114 Ipilimumab in 

combination with GP100 has increased the mean survival 

time of melanoma patients from an average of 6.4 months 

to an average of 10 months (P-value ,0.001).115,116 In renal 

cell convergence carcinoma, ipilimumab increased regression 

of the tumor in patients who previously did not respond to 

IL-2 immunotherapy; however, 14% of patients experienced 

very high toxicity.117

Activation of the immune response against cancer has 

been intensively studied. In animal models, such as dogs, 

cancer-specific antigens were targeted with promising 

results. An Ad/HER2/Neu dendritic vaccine is currently 

being studied for treatment of bladder cancer (Table 2). It 

is vital to test for positive expression of ERBB2 prior to 

treatment because it has been shown that ERBB2 is altered 

in 12% of bladder cancer patients either by mutation or 

copy number amplification, making it a target for a very 

small subset of patients.65 Another approach in activating 

the immune system against cancer is to use drugs such as 

ALT801, an IL-2-based immunotherapy, and ALT803, an 

IL-15-based immunotherapy (Table 2). These cytokines 

are agonists to immune response. IL-2 and IL-15 work 

by recruiting more cytotoxic T-lymphocytes to the tumor 

and helping convert naïve T-cells to effector cytotoxic 

T-lymphocytes.118,119 As mentioned earlier, ALT801 

targets the p53-HLA-A2 complex, thus both targeting 

a defective p53 pathway while activating the immune 

response to the tumor.84

Role of the other molecular targets and 
signaling pathways
Heat shock proteins (HSPs) have been shown to affect cancer 

by stabilizing oncogenic proteins as well as eliciting self-

recognition (negative regulatory immune response) and have 

been observed to be overexpressed in various cancers.120,121 

For example, HSP90 has been shown to stabilize RAF-

mutated protein, which is downstream of RAS, activate the 

RAS-ERK pathway in cancer cells, and can also activate the 

PI3K pathway mentioned earlier.122 HSP27 has been shown 

to modulate p53 signaling by inhibiting the induction of 

p21, causing resistance to doxorubicin therapy in human 

breast cancer cells.123 Ganetespib and OGX-427 are being 

investigated for bladder cancer treatment. Ganetespib, an 

HSP90 inhibitor, has shown much promise in lung cancer and 

has increased the efficacy of other therapies while being well 

tolerated with low toxicity in cancer patients.124,125 OGX-427, 

an antisense oligonucleotide-based therapy against HSP27, 

has been shown to be effective against the bladder cancer cell 

line UMUC3 by increasing activation of the caspase cascade, 

increasing efficacy to paclitaxel, and slowing tumor growth 

in a xenograft model.126

Epigenetics have been known to play an important role in 

cancer for the past two decades. Hypermethylation of the pro-

moter regions coding tumor suppressor genes, such as p14, 

p16, and APC, is often detected in bladder cancers.127 Genetic 

profiling recently revealed that 89% of bladder cancers 

contain altered histone modification pathways and 64% of 

cancers contain alterations in the SWI/SNF complex, which 

is responsible for chromatin remodeling in order to turn on 

or turn off transcription.65 Romidepsin, a histone deacetylase 

inhibitor, and 5-fluoro-2-deoxycytidine in combination with 

tetrahydrouridine are being studied for bladder cancer to 

inhibit DNA methylation and deamination.128,129 Recently, 

the histone deacetylase inhibitor AR-42 has shown promise 

in combination with cisplatin in treating bladder cancer in the 

mouse model. It was also shown that AR-42, when combined 

with cisplatin, can be an effective treatment on cancer stem 

cell populations in vitro.130 Recent study by Chen et al131 

has shown that targeted gene therapy using RAN promoter, 

which regulates the expression of constitutively active form 
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of caspase-3, reduced tumor burden and decreased inflam-

mation in orthotopic model of murine bladder cancer after 

only three treatments in vivo.

Epithelial to mesenchymal transition (EMT) has been 

shown to play an important role in invasion and metastasis. 

In order for cells to migrate from the primary site to a 

secondary site, they must exhibit plasticity to adapt to new 

environments.132 Altered integrin expression can facilitate 

EMT by increasing the expression of mesenchymal genes, 

while decreasing the expression of epithelial genes.133 

Integrin proteins not only change how cells interact with 

the extracellular matrix (ECM) but can also trigger signal 

transduction pathways, such as the PI3K/AKT signaling 

pathway.134 It has been shown that the αV group of integrins 

is expressed in metastatic bladder cancer in a stage/grade-

dependent manner.135 Several approaches to target integrins 

are under development for treatments of bladder cancer.136–139 

Because integrins interact with specific ECM components 

with different affinity, an Arg-Gly-Asp peptide was synthe-

sized to bind αVB3 and αVB5 integrins and was inserted 

into the fiber protein to facilitate adenovirus infection. The 

Arg-Gly-Asp motif increased transfection efficiency of blad-

der cancer cells with the adenovirus and will perhaps lead 

to further advances in oncolytic viral research for bladder 

cancer.137 GLPG0187, a small molecule integrin recep-

tor antagonist, has been shown to decrease migration and 

invasion in bladder cancer cells and has also been shown to 

decrease tumor burden in the mouse xenograft model using 

UMUC3 bladder cancer cells.138 Change in integrin structure 

may also play a role in EMT. Integrin α3β1 has been shown 

to be abnormally glycosylated in bladder cancer cells, thus 

increasing its interaction with CD9.139 A recently developed 

antibody against integrin α3β1, BCMab1, has been shown to 

play a prognostic role in cancer patients: patients with low 

expression of BCMab1 exhibited longer survival than the 

patients with higher expression. At the same time, BCMab1 

has shown antitumor activity through natural killer T-cell and 

macrophage recruitment in vitro and reduced tumor burden 

in a mouse xenograft model in vivo.140

Inflammation plays an important role in development 

and progression of bladder cancer. The non-steroidal anti-

inflammatory drugs, such as piroxicam increase the efficacy 

of chemotherapy.107 COX-2 has been shown to be overex-

pressed in many cancers, including bladder cancer.141 In 

addition, the inflammatory protein COX-2 is being actively 

studied as molecular target for detection and treatments 

of cancers.39,107,142 Perinuclear localization of COX-2 has 

been associated with bladder cancer cells expressing stem 

cell-like markers, including OCT 3/4 and CD44v6. COX-2-

driven inflammation helps to drive proliferation of cancer 

stem cells (CSCs).143

Cancer stem cells
Other studies of bladder cancer have suggested a new 

approach for treatment by targeting tumor-initiating cells 

or CSCs. CSCs are cancer cells with unique properties such 

as self-renewal, and drug-resistance.144 A subpopulation of 

CSCs have been isolated from various cancers, including 

bladder cancer tumors.145 It has been reported that STAT3 

activation is required for the acquisition of CSC-like 

properties in breast cancer.146 It has also been reported that 

bladder cancer basal cells, which exhibit CSC-like proper-

ties, closely resemble breast cancer basal cells, which also 

exhibit CSC-like properties.147 A novel small molecule 

inhibitor of STAT3, BBI608, is currently being studied in 

human bladder cancer patients in an NCI-sponsored study. 

Chemotherapy can actually cause a selective increase in 

CSC in some tumors. In a pancreatic cancer xenograft 

model, gemcitabine, while inducing an anticancer response 

initially, attributed to an increase in CSCs and induced a 

larger tumor load in the animal than the control 15 days 

after the drug was discontinued. On the other hand, BBI608 

showed a lower tumor load when compared with both 

control and gemcitabine 15 days after drug treatment was 

discontinued.148 Gemcitabine and cisplatin induce COX-2 

expression in bladder cancer cells and increase downstream 

expression of prostaglandin E2 (PGE2). Released PGE2 

from apoptotic cells can induce CSC-like characteristics in 

neighboring cells. Inhibition of COX-2 by celecoxib inhib-

ited repopulation of bladder cells after several gemcitabine 

and cisplatin treatments and reduced CSC-like characteris-

tics in neighboring cells.149,150

Animal models of bladder cancer
Rodent models
Numerous experimental rodent models of bladder cancer 

have been established and characterized to study epidemiol-

ogy and carcinogenesis of bladder cancer.151 Bladder cancer 

models in rodents can be chemically induced, genetically 

engineered, or transplantable.151

The most commonly used carcinogens to induce 

bladder cancer in mice are N-butyl-N-(4-hydroxybutyl) 

nitrosamine (BBN), N-[4-(5-nitro-2-furyl)-2-thiazolyl] 

formamide, and N-methyl-N-nitosurea.75 BBN via drinking 

water, diet, or gastric intubation induces bladder tumors in 

mice.152,153 Mice exposed to BNN develop nodular invasive 
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carcinoma preceded by carcinoma in situ, and develop 

polypoid exophytic cancers with late muscle invasion.153 

Rodent bladder tumors induced by BBN mirror their human 

counterparts histologically and genetically.154 A study 

comparing mRNA and protein levels of the rodent bladder 

cancer model with human bladder cancer, shows concordant 

similarities in several genes/proteins, demonstrating that 

the bladder cancer model induced by BBN is a powerfully 

reliable study tool.155 These rodent models provide useful 

information concerning the risk of chemical exposure and 

bladder cancer; however, they have limitations due to low-

grade tumors and low rates of metastasis.156 Also, tumor 

induction and progression take time and are dependent on 

carcinogen and dosage.

Transgenic mice or genetically engineered mice (GEM) 

are generated by cloning oncogenes or by deletion of 

tumor-suppressing genes, individually or in combination.151 

GEM models have provided increasing insight on the role 

of numerous genes, such as HRAS,157 p53,98 pRB,158 and 

PTEN,98 and receptors such as FGFR88 and EGFR159 in the 

development of bladder cancer. With target genes switched 

on or off, GEM are ideal for studying single or multiple 

gene functions, however, these models may not fully reflect 

the genetic alterations in human tumorigenesis as it involves 

the deregulation of multiple signaling pathways.151 Cancer 

cells in these models are less heterogeneous than human 

bladder cancer,160 and GEM are usually not used to test the 

efficacy of novel therapeutic or preventive agents.151

Xenogeneic models involve the implantation of human 

bladder cancer cells into an immune-deficient mouse. Vari-

ous commercially available TCC cell lines, such as KU7, 

KU-19–19, T24, UMUC1, UMUC3, and UMUC13, have 

been used to develop tumors in immunodeficient mice.160 

A major disadvantage of this technique is that the immune 

response, which is an important factor regulating tumor 

growth, cannot be assessed because of the immunodeficient 

nature of the host.75 Syngeneic models, in contrast to xeno-

geneic models, are established by inoculating rodent bladder 

cancer to syngeneic, immunocompetent animals.151 The com-

monly used rodent bladder cancer cell lines for syngeneic 

modeling are AY-27, MBT-2, and MB49.151 Tumors induced 

by this model are of rodent and not human origin, and there-

fore, various characteristics, including tumor growth, latency, 

growth rate, invasion, and metastasis, may be different from 

their human counterparts.161,162

Based on whether the inoculation site is in the target 

organ, xenogeneic and syngeneic models could be further 

divided into orthotopic and heterotopic models. In orthotopic 

models, inoculation is done at the primary site from which 

the tumor lines were derived.163 These tumors mimic human 

bladder cancer behavior more closely, since the microenvi-

ronment is closer to natural conditions.151 The disadvantage 

of the orthotopic human tumor xenograft model is that 

the surgeries are often complex, leading to high morbid-

ity of mice.160

In heterotopic models, the graft is not transplanted at 

the original site, but is usually subcutaneously placed in 

the flank or hind leg of the animal. This process is techni-

cally simple, and the tumor can be easily and noninvasively 

detected. Subcutaneous bladder tumor models have been 

widely used in assessing the efficacy of novel therapeutic 

agents.163 However, as the inoculation site is different from 

the original tumor site, the alteration of the tumor microen-

vironment may significantly affect the biological behavior 

of tumor growth and metastasis, genetic expression, or the 

efficacy of antiproliferative agents.164

The rodent cancer models have several advantages, 

including small body size, short gestation, inexpensive 

maintenance, and easy manipulation of gene expression.165 

However, the average rate of successful translation from 

mouse model to clinical cancer trials is ,8%.166 Also, a 

mouse model can tolerate higher drug concentrations than 

human patients. Considering the vast species differences 

between mice and humans, it is important to use other animal 

models, such as companion dogs with naturally occurring 

bladder cancer.165

Canine models
Urinary bladder cancer is an uncommon type of cancer in 

dogs (,2% of all canine malignancies);167 however, 97% of 

diagnosed bladder tumors in dogs are malignant.39 Bladder 

canine TCC is the most common neoplasm affecting the 

urinary tract of dogs.168 Risk factors that have been identified 

include exposure to insecticides169 and cyclophosphamides.170 

The female-to-male ratio of dogs with TCC has been 

reported to range from 1.71:1 to 1.95:1, with increased risk 

after spaying and neutering.171–173 Scottish terriers have a 

strong breed-associated risk factor for the bladder cancer.173 

In addition to spontaneous bladder cancer, tumors can be 

experimentally induced in dogs in a laboratory setting with 

chemical carcinogens, such as BBN.174

Naturally occurring bladder cancer in dogs very closely 

mimics human invasive bladder cancer, specifically high-

grade invasive TCC, in cellular and molecular features; 

biological behavior, including sites and frequency of 

metastasis; and response to therapy. Incidence of TCC in 

both humans and dogs is 2% of all cancers.167 TCC occurs in 

older dogs at an average age of 11 years, which is equivalent 
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to 60 years in humans.175 Both human and canine TCCs have 

similar risk factors, including exposure to various chemicals, 

such as insecticides and aromatic hydrocarbons.169,176

Histopathology of canine TCC is similar to human 

bladder cancer, with invasive TCC of intermediate to high 

grade existing in both species.168,176 Distant metastasis has 

been reported in 15%–20% of dogs diagnosed with TCC,172 

which is similar to humans, in which metastasis occurs in 

5%–20% of patients.176 The sites involved in metastasis are 

also similar between dogs and humans and include lymph 

node, lung, bone, liver, and kidney.177 Various similarities in 

cellular and molecular levels in canine and human TCC have 

been studied so far, including similar lipidomic profiling in 

both species.178 Both human and canine TCCs have shown 

overexpression of COX-2 in tumor cells.141,179 Platinum-based 

chemotherapies are considered the most active agent in the 

treatment of TCC in both species.172,176 The main difference 

between TCC in dogs and humans is sex predilection: in 

humans, TCC is almost three times more common in males 

than in females,173,180 whereas in dogs, it is less common in 

males, with a 2:1 female:male ratio.171,173 The location of 

TCC within the bladder also differed in dogs and humans: 

in humans, majority of TCC is localized in the lateral and 

posterior walls of the bladder,181 whereas in dogs most TCC 

is trigonal in location with extension to the urethra.172

TCC typically occurs in older dogs ranging from 9 years 

to 11 years of age.177 Clinical staging of canine bladder cancer 

is performed with complete physical examination, radiogra-

phy of the thorax and abdomen, and imaging of the bladder 

using contrast cystography, ultrasonography, or CT.168 The 

TNM classification scheme for canine urinary bladder cancer 

has been defined by the World Health Organization and is 

much like the staging system used for human cancers.182 

Each TNM stage is further divided into substages, as shown 

in Table 1.182

Treatment options of TCC in dogs include surgery, 

radiation therapy, chemotherapy and other drugs, and com-

binations of these treatments. The surgical complete cystec-

tomy, although it may be routine in human bladder cancer 

patients, has not been attempted to any extent in the dog. 

Canine TCC is difficult to be removed surgically because 

of the trigonal location of the tumor, frequency of urethral 

involvement, and metastases in 20% or more of dogs at the 

time of diagnosis.168,177 Radiation therapy is not routinely used 

to treat canine TCC due to various side effects, including 

pollakiuria, urinary incontinence, cystitis, stranguria, and 

hydronephrosis.183 Chemotherapy drugs used in canine TCC 

include cisplatin, carboplatin, mitoxantrone, adriamycin, 

and actinomycin D as single agents.173 Various combination 

therapies have also been used. Other treatment options 

include nonsteroidal anti-inflammatory drugs (NSAIDs) 

such as piroxicam as a single agent184 or in combination with 

chemotherapy drugs.185,186

Dogs diagnosed with spontaneous tumors offer a unique 

model to study bladder cancer development and detection, 

as well as evaluation of new therapies.165 Dogs offer an 

exceptional opportunity to study potential genetic and envi-

ronmental risk factors for TCC and develop early detection 

and intervention strategies. Development of new treatment 

options in the dog model can provide translational value to 

ultimately help develop better drugs for people with TCC. 

Single agent NSAIDs such as piroxicam, deracoxib, and 

firocoxib have shown positive results in treating dog TCC;172 

further translation of this treatment option to humans is an 

obvious next step. A pilot study has shown positive results 

in the treatment of human TCC using the NSAID celecox-

ib.187 Folate-targeted therapy has been used for treatment 

of several forms of human cancers, including ovarian and 

lung cancer.188 Recently, a dog study was conducted to 

determine the potential role of folate-targeted therapy in 

the treatment of canine TCC.189 Further epigenetic-based 

therapy using 5-azacitidine has been tested to treat canine 

TCC.190 Metronomic chemotherapy, based on frequent and 

repetitive treatment with low-dose chemotherapeutic drugs 

to delay the progression of cancer,191 has been recently used 

to treat canine TCC.192 The positive outcome of this trial 

can help inform future investigations into new treatment 

options for human TCCs. Fluorocoxib A, a COX-2-specific 

inhibitor conjugated with rhodamine,38 has shown to spe-

cifically detect COX-2-expressing TCC cells in vitro and 

in dogs during cystoscopy in vivo.39,193

Spontaneously occurring TCC in dogs shares molecular 

and clinical characteristics with human cancers.165 Use of 

canine models can lead to better understanding and new 

therapeutic development for treatment of human TCC. 

Primary K9TCC cell lines are currently available and can 

also help in the study of various drugs in vitro before clini-

cal trials.194,195 Therefore, utilizing the dog model in TCC 

research can benefit animal and human diseases.

The advantages and disadvantages of animal models of 

bladder cancer used for various studies to validate novel 

therapeutic, imaging, or preventive agents to advance knowl-

edge of bladder cancer are summarized in Table 3.

Conclusion
With increasing knowledge of specific pathways activated 

or altered in bladder cancer, an increasing number of new, 

promising therapies are on the horizon. In the future, it will 
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be extremely important to test patients for personalized 

therapies because these therapies target only a small subset 

of patients. This pathway knowledge will also increase the 

knowledge base of potential drug targets for new and excit-

ing drug development.
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Table 3 Advantages and disadvantages of animal models of bladder cancer

Type Mechanism Advantages Disadvantages Remarks

Chemically 
induced mice 
model

induced by carcinogens: 
BBN, FANFT, and MNU

Provides information about the risk of 
chemical exposure

Low-grade tumors and 
low rates of metastasis 
Tumor induction 
depends on carcinogen 
and dosage

Studies to validate the 
effects of the environmental 
agents and for evaluation of 
molecular mechanisms during 
carcinogenesis

Genetically 
engineered 
mice model

induced by cloning  
oncogenes and/or  
deleting tumor-
suppressing genes

Provides information on the role of 
specific genes such as oncogenes and 
tumor suppressors

Homogeneous 
population of cancer cells

Studies to evaluate the effects 
of specific genes for bladder 
tumorigenesis 
Studies to test novel 
therapeutic, imaging, or 
preventive agents

Xenogeneic 
mice model

induced by implanting 
bladder cancer cells,  
eg, human into immune-
deficient mouse

Tumors are of nonrodent origin  
eg, human

immune response 
cannot be assessed 
Homogeneous 
population of cancer cells

Studies to test novel 
therapeutic, imaging, or 
preventive agents

Syngeneic 
mice model

induced by implanting 
rodent bladder cancer 
cells into immune-
deficient mouse

Tumor microenvironment is same as 
the tumor is of rodent origin 
Tumors induced are of rodent origin

Homogeneous 
population of cancer cells

To test novel therapeutic, 
imaging, or preventive agents

Orthotopic 
mice model

induced by implanting 
the bladder cancer cells 
into bladder

Mimic human bladder cancer behavior 
as microenvironment is closer to 
natural conditions

High morbidity of mice 
connected with the 
surgery of the bladder 
cancer cells implantation 
Homogeneous 
population of cancer cells

To test novel therapeutic, 
imaging, or preventive agents

Heterotopic 
mice model

induced by implanting 
the bladder cancer cells 
at the different sites/
organs such as bladder, 
usually subcutaneous

Technically simple model 
Tumor can be noninvasively detected

inoculation site/organ 
is different, thereby the 
tumor microenvironment 
is altered 
Homogeneous 
population of cancer cells

To test novel therapeutic, 
imaging, or preventive agents

Companion 
animals with 
bladder cancer

Spontaneously 
occurring bladder 
cancer in dogs and cats

Naturally occurring heterogeneous 
population of cancer cells 
More similar biological and histological 
appearance to human cancer response 
to cytotoxic agents
Shorter overall life span and more 
rapid disease progression

More costly than rodent 
model

To test novel therapeutic, 
imaging, or preventive agents 
for papillary and muscle-
invasive bladder cancer 
epidemiological studies

Abbreviations: BBN, N-butyl-N-(4-hydroxybutyl) nitrosamine; FANFT, N-[4-(5-nitro-2-furyl)-2-thiazolyl] formamide; MNU, N-methyl-N-nitrosourea.
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