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 Advances in Compara�ve Bladder Cancer Research: Molecular Targets and Profiling in Dogs and 
 Humans 

 Presenter: Deborah W. Knapp, DVM, MS, Dipl. ACVIM – Medical Oncology, Dolores L. McCall Professor 
 and Dis�nguished Professor of Compara�ve Oncology, Purdue University 

 Brief Overview of Human and Canine Urinary Bladder Cancer  . 

 Urinary bladder cancer is newly diagnosed in >500,000 people worldwide including >80,000 people in 
 the United States each year. The majority of bladder tumors are urothelial carcinomas (UC), also referred 
 to as transi�onal cell carcinomas. UCs are low grade superficial tumors in 70-75% of people, and high 
 grade invasive UCs (InvUC), o�en referred to as “muscle invasive bladder cancer”, in 25-30% of pa�ents. 
 InvUC invades into the bladder wall, and metastasize to distant sites and become lethal in ~50% of 
 pa�ents. Most of the >17,000 bladder cancer-related deaths in the United States each year are due to 
 InvUC.  Research is clearly needed to improve the outlook for people facing InvUC. 

 Dogs with naturally-occurring InvUC have become an important animal model for cross-species bladder 
 cancer research. Experimentally-induced rodent bladder tumor models o�en fail to adequately represent 
 InvUC in humans. Canine and human InvUC, however, are very similar in histopathologic features, gene 
 expression including molecular subtypes discussed more below, clinical presenta�on, aggressive 
 behavior, frequent distant metastasis to lung, liver, etc., and response to chemotherapy.  The finding of 
 shared luminal and basal molecular subtypes in canine and human InvUC is especially important as these 
 subtypes have been associated with cancer behavior, treatment response, and the host immune 
 response to the cancer. In one interspecies difference, ac�va�on of the mitogen-ac�vated protein kinase 
 (MAPK) pathway is more common in canine InvUC than in human InvUC. In human InvUC, MAPK 
 ac�va�on is typically limited to the more aggressive cancer. Interes�ngly, the cancer in both species 
 develops into similar molecular subtypes. 

 Many tumor types have been described in the urinary bladder in dogs including UC, squamous cell 
 carcinoma, adenocarcinoma, rhabdomyosarcoma, leiomyosarcoma, lymphoma, hemangiosarcoma, 
 fibroma, and other mesenchymal tumors. InvUC is the predominant malignancy in the dog represen�ng 
 >90% of tumors in most studies. An es�mated 40,000 – 60,000 dogs develop InvUC each year in the 
 United States. 

 A summary of key facts about canine InvUC include: 

 ●  The trigone region of the bladder is the most common site, although InvUC can occur in other 
 parts of the bladder, as well as in the urethra, prostate, vagina, ureters, and renal pelvis.  Due to 
 field carcinogenesis, it o�en arises in more than one loca�on. 

 ●  Certain dog breeds have a high inherited risk for InvUC including a 20X increased risk in Sco�sh 
 Terriers, and a 3-6X increased risk in West Highland White Terriers, Shetland Sheepdogs, and 
 beagles when compared to mixed breed dogs. It is likely that closely related breeds are also at 
 higher risk for the cancer. 

 ●  The clinical signs of InvUC mimic those of urinary tract infec�on and other bladder diseases. A 
 defini�ve diagnosis is made by �ssue biopsy and histopathology. Cystoscopy has emerged as a 
 key method for biopsy. Studies of molecularly-based urine for detec�on of InvUC have had mixed 
 results, and will be further discussed in the presenta�on. 



 2 

 ●  Tumor staging is accomplished by physical exam with digital rectal exam, thoracic radiography, 
 and abdominal ultrasonography or CT. It is important to follow a standardized imaging approach 
 to map the bladder lesions in order to track the changes over �me. 

 ●  While it is usually not possible to cure InvUC in dogs, the cancer can be controlled with therapy 
 allowing most dogs to live months to a year or more typically with good quality of life. 

 ●  InvUC therapy can include surgery, radia�on therapy, and/or drugs depending on the extent of 
 the cancer present. Drugs are the mainstay of InvUC therapy in dogs. Therapy can be tailored to 
 meet the needs of each dog, and the capacity and desire of the dog owners to pursue treatment 
 for their dog. A conserva�ve treatment is a single-agent nonsteroidal an�-inflammatory drug 
 (NSAID, i.e. cyclooxygenase or “COX” inhibitor) which is associated with a 20% remission rate, 
 55% stable disease rate, median survival of ~200 days, and one-year survival rate of ~20%. 
 Treatment with intravenous vinblas�ne plus a NSAID is associated with a 58% remission rate, 
 especially if this is the first treatment given, and a median survival of ~300 days. When different 
 drug protocols are given sequen�ally, the median survival �me extends beyond a year. The best 
 outcomes have been seen in the unusual instance in which the InvUC is in the bladder apex, and 
 is surgically removed, followed by lifelong NSAID therapy. In a small case series, this approach 
 was associated with a median survival of 750 days, with some dogs having no cancer recurrence. 

 ●  Published findings provide a list of steps that can be taken to reduce the risk of bladder cancer 
 especially in dogs in high risk breeds. These include avoiding old genera�on flea control products 
 such as dips and sprays, avoiding lawn chemicals, maintaining healthy body weight and 
 preven�ng obesity, and consuming vegetables to supplement the dog food. 

 Examples of Advances in Compara�ve Bladder Cancer Research  . 

 Compara�ve bladder cancer research is proceeding on several fronts. Examples of this will be discussed 
 including: (1) research in screening, early detec�on, and early interven�on, (2) molecular subtyping and 
 the poten�al to personalize care, (3) new treatment strategies, and (4) evolving programma�c support 
 such as the Na�onal Cancer Ins�tute’s Integrated Canine Data Commons (ICDC). 

 Screening, Early Detec�on, and Early Interven�on  : 

 There is considerable interest in learning how to detect cancer and intervene earlier in the cancer 
 development process in dogs and humans. Early cancer is expected to respond be�er to therapy than 
 more advanced cancer. Earlier-diagnosed cancer is associated with less gene�c diversity, fewer ac�ve 
 drug resistance pathways, more competent host an�tumor immune responses, and adequate tumor 
 blood supply to facilitate drug delivery when compared to more advanced cancer. In addi�on, pa�ents 
 with a lower cancer burden are generally healthier and be�er able to handle cancer therapy. In dogs, the 
 very high breed-associated risk for InvUC provides an unmatched opportunity to study early detec�on 
 and early interven�on. PRELIMINARY DATA from an early detec�on / early interven�on study in Sco�sh 
 Terriers provides evidence for the value of this approach. Briefly, 120 Sco�sh Terriers > 6 years old were 
 prospec�vely screened for three years by means of ultrasonography, and urinalysis with urine sediment 
 exam at 6-month intervals. Cystoscopic biopsy was performed in dogs with posi�ve screening tests. To 
 evaluate early interven�on, dogs with biopsy-proven cancer were enrolled in a trial of the COX inhibitor, 
 deracoxib (Deramaxx, Elanco, Greenfield, IN). The results were intriguing. Biopsy-confirmed bladder 
 cancer was detected in 27% of the 120 Sco�es mostly consis�ng of InvUC, some star�ng as dysplasia. 
 These dogs had no clinical signs, i.e. no “symptoms” or outward evidence of any urinary tract problems. 
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 A suspected anatomic variant in the form of a nonprogressive bladder apex nodule was also observed in 
 6% of the Sco�es (Heng et al., Vet Radiol Ultrasound, 2022). The deracoxib remission rate was also very 
 promising in this early cancer se�ng, with ~40% of the dogs having complete or par�al remission of 
 their cancer. This compares favorably to the 17-25% remission rate with single agent NSAIDs in dogs with 
 “symptoma�c” cancer in earlier studies. Transcriptomic signatures provided relevance to human InvUC 
 including the expression of druggable targets such as EGFR and the PI3K-AKT-mTOR pathway which are 
 also found in human bladder cancer. Addi�onally, intriguing differences in gene expression were noted 
 between early and later canine tumors. Further research in this area is clearly jus�fied. 

 Molecular Subtyping and the Poten�al to Personalize Care  : 

 A recent discovery in bladder cancer research is tumor RNA expression pa�erns that segregate InvUC 
 into molecular subtypes, with cancer behavior and treatment responses differing between subtypes. 
 These subtypes were first iden�fied in transcriptomic data from human breast cancer, and more recently 
 have been found in human and canine InvUC. At the highest level, human InvUC is divided into luminal 
 and basal subtypes, with further subgrouping within each of these. There is strong agreement across 
 studies for subtype classifica�ons, although different terminology has been used by different research 
 groups. In canine InvUC, luminal and basal subtypes have been iden�fied using a 60-gene class 
 predic�on model, and these subtypes closely align with those in humans. In a study of InvUC from 56 
 dogs, 29 tumors were luminal, and 27 tumors were basal subtype. Basal tumors were associated with 
 greater immune infiltra�on, progression signatures in RNA-seq analyses, more advanced clinical stage, 
 and earlier development of distant metastases, similar to that in humans. Luminal tumors were strongly 
 associated with dogs in high-risk breeds for InvUC, and less advanced clinical stage. Work is ongoing to 
 probe these findings to understand the processes involved in the development and progression of 
 bladder cancer, and to study the predic�ve value for molecular subtype in disease progression and 
 treatment response. 

 New Treatment Strategies  : 

 New treatment strategies involving drugs are progressing on at least three fronts: (1) making be�er use 
 of exis�ng drugs, (2) applying new targeted drugs, and (3) developing new immunotherapies. 

 Examples of making be�er use of exis�ng drugs are provided by the use of NSAIDs as an�cancer agents 
 in dogs with bladder cancer, and the use of vinblas�ne which was previously administered mostly to 
 dogs with mast cell tumors and lymphoid malignancies. Mul�ple groups are working on new 
 immunotherapies for dogs, and these should be forthcoming in the not too distant future. 

 An example of the promise of new targeted drugs comes from a trial of vemurafenib in dogs with InvUC. 
 Vemurafenib blocks  BRAF  V595E  (the dog homologue of  human  BRAF  V600E  ) and stops aberrant MAPK 
 signaling resul�ng from the muta�on. Briefly, a phase I/II clinical trial of vemurafenib was conducted at 
 Purdue University in dogs with biopsy-confirmed InvUC harboring the  BRAF  V595E  muta�on. The phase I 
 part of the study defined the maximum tolerated dose (MTD) and adverse event profile. The phase II 
 part of the trial was done to es�mate the level of an�cancer ac�vity of vemurafenib. In results, the MTD 
 was 37.5 mg/kg BID orally, with anorexia being the most common adverse event. Increase in alanine 
 amino transferase was commonly observed, but there was no evidence of hepa�c dysfunc�on. At the 
 MTD, par�al remission occurred in 9 of 24 dogs (38%), with a median progression free interval of 181 
 days (range 53-608 days). It is important to note that this remission rate occurred in dogs receiving 
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 vemurafenib as a true single agent, i.e. not combined with a NSAID. When chemotherapy agents are 
 given as true single agents to dogs with InvUC, the remission rates are <25%. In analyses of RNA-seq data 
 from cystoscopic biopsies collected before and during therapy, and at relapse, the most consistent 
 changes included significantly enhanced immune signatures, i.e. “immune hot”, during therapy, and an 
 “immune cold” state at relapse. This sets the stage for further cross-species research to improve  BRAF 
 targeted therapies. Vemurafenib will also be an excellent addi�on to canine InvUC therapy once it is 
 available in an affordable manner. Other targeted drugs have also been evaluated in dogs with InvUC 
 including palladia and lapa�nib. 

 The Na�onal Cancer Ins�tute’s Integrated Canine Data Commons (ICDC)  : 

 The ICDC is an excep�onal resource for canine genomics research. The ICDC which went public in 2020, is 
 sponsored by the Na�onal Cancer Ins�tute with the main goal to collect and share canine cancer data 
 with the community as part of NCI’s Cancer Research Data Commons (CRDC). Briefly, canine study data 
 including genomic sequencing, pathology, clinical features, treatment, case outcomes, and other types of 
 data and images can be deposited in the ICDC. The data can be analyzed in a cross-species manner 
 alongside human cancer data from the CRDC using Cloud Resources. More informa�on is available at: 
 h�ps://caninecommons.cancer.gov/#/  . 

 Supplementary Reading Material  . 

 Canine Bladder Cancer and Dog-Human Comparison Studies 

 LeBlanc AK, Mazcko CN. Improving human cancer therapy through the evalua�on of pet dogs. Nat Rev 
 Cancer (2020) 20:727-42. doi: 10.1038/s41568-020-0297-3. 

 Knapp DW, Dhawan D, Ramos-Vara JA, Ratliff TL, Cresswell GM, U�urkar S, et al. Naturally-occurring 
 invasive urothelial carcinoma in dogs, a unique model to drive advances in managing muscle invasive 
 bladder cancer in humans. Front Oncol (2020) 9:1493. doi: 10.3389/fonc.2019.01493. 

 Sommer BC, Dhawan D, Ruple A, Ramos-Vara JA, Hahn NM, U�urkar SM, et al. Basal and luminal 
 molecular subtypes in naturally-occurring canine urothelial carcinoma are associated with tumor 
 immune signatures and dog breed. Bladder Cancer (2021) 7:317-33. 

 Cronise KE, Das S, Hernandez BG, Regan DP, Dailey DD, McGeachan RI. Characterizing the molecular and 
 immune landscape of canine bladder cancer.  Vet Comp Oncol (2022) 20:69-81. doi: 10.1111/vco.12740. 

 Vi� Gambim V, Laufer-Amorim R, Fonseca Alves RH, Grieco V, Fonseca-Alves CE. A compara�ve 
 meta-analysis and in silico analysis of differen�ally expressed genes and proteins in canine and human 
 bladder cancer. Front Vet Sci (2020) 7:558978. doi: 10.3389/fvets.2020.558978. 

 Maeda S, Tomiyasu H, Tsuboi M, Inoue A, Ishihara G, Uchikai T, et al. Comprehensive gene expression 
 analysis of canine invasive urothelial bladder carcinoma by RNA-Seq. BMC Cancer (2018) 18:472. doi: 
 10.1186/s12885-018-4409-3. 

 Dhawan D, Hahn NM, Ramos-Vara JA, Knapp DW. Naturally-occurring canine invasive urothelial 
 carcinoma harbors luminal and basal transcrip�onal subtypes found in human muscle invasive bladder 
 cancer. PLoS Genet (2018) 14:e1007571. doi: 10.1371/journal.pgen.1007571. 

https://caninecommons.cancer.gov/#/


 5 

 Targeted Therapy in Canine InvUC 

 Rossman P, Zabka TS, Ruple A, Tuerck D, Ramos-Vara JA, Liu L, et al. Phase I/II trial of vemurafenib in dogs 
 with naturally occurring, BRAF-mutated urothelial carcinoma. Mol Cancer Ther (2021) 20:2177-88. doi: 
 10.1158/1535-7163.MCT-20-0893. 

 Maeda S, Sakai K, Kaji K, Iio A, Nakazawa M, Motegi T, et al. Lapa�nib as first-line treatment for 
 muscle-invasive urothelial carcinoma in dogs. Sci Rep (2022) 12:4. doi: 10.1038/s41598-021-04229-0. 

 Rippy SB, Gardner HL, Nguyen SM, Warry EE, Portela RA, Drost WT, et al. A pilot study of 
 toceranib/vinblas�ne therapy for canine transi�onal cell carcinoma. BMC Vet Res (2016) 12:257. doi: 
 10.1186/s12917-016-0882-6. 

 Suspected Anatomic Variant in the Bladder of Sco�sh Terriers 

 Heng HG, Ramos-Vara JA, Fulkerson CM, Fourez LM, Knapp DW. Ultrasonographic detec�on of apex 
 nodules in the urinary bladder of Sco�sh Terriers. Vet Radiol Ultrasound (2022) 63:234-9. doi: 
 10.1111/vru.13051. 

 Human Bladder Cancer 

 Czerniak B, Dinney C, McConkey D. Origins of bladder cancer. Annu Rev Pathol (2016) 11:149–74. doi: 
 10.1146/annurev-pathol-012513-104703. 

 Robertson AG, Kim J, Al-Ahmadie H, Bellmunt J, Guo G, Cherniack AD, et al. Comprehensive molecular 
 characteriza�on of muscle-invasive bladder cancer. Cell (2017) 171:540-556.e25. doi: 
 10.1016/j.cell.2017.09.007. 

 Witjes JA, Bruins HM, Cathomas R, Compérat EM, Cowan NC, Gakis G, et al. European Associa�on of 
 Urology guidelines on muscle-invasive and metasta�c bladder cancer: summary of the 2020 guidelines. 
 Eur Urol (2021) 79:82-104. doi: 10.1016/j.eururo.2020.03.055. 


