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Abstract

Each year more than 65,000 people are diagnosed with urinary

bladder cancer, and more than 14,000 people die from the dis-

ease in the United States. Studies in relevant animal models are

essential to improve the management of bladder cancer. Natu-

rally occurring bladder cancer in dogs very closely mimics hu-

man invasive bladder cancer, specifically high-grade invasive

transitional cell carcinoma (TCC; also referred to as invasive

urothelial carcinoma) in cellular and molecular features; bio-

logical behavior, including sites and frequency of metastasis;

and response to therapy. Canine bladder cancer complements

experimentally induced rodent tumors in regard to animal

models of bladder cancer. Results of cellular and molecular

studies and -omics analyses in dogs are expected to lead to im-

proved detection of TCC and preneoplastic lesions, earlier in-

tervention, better prediction of patient outcome, and more

effective TCC management overall. Studies in dogs are being

used to help define heritable risks (through very strong breed-

associated risk) and environment risks and to evaluate preven-

tion and treatment approaches that benefit humans as well as

dogs. Clinical treatment trials in pet dogs with TCC are consid-

ered a win–win scenario by clinician scientists and pet owners.

The individual dog benefits from effective treatment, the results

are expected to help other dogs, and the findings are expected

to ultimately help humans with TCC. This article provides an

overview of canine TCC, a summary of the similarities and dif-

ferences between canine and human invasive TCC, and exam-

ples of the types of valuable translational research that can be

done using dogs with naturally occurring TCC.
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The Human Bladder Cancer Problem
and Need for Animal Models

E
ach year more than 65,000 people are diagnosed with

urinary bladder cancer, and more than 14,000 people

die from this cancer in the United States (Burger et al.

2013; Lerner et al. 2006; Tanaka and Sonpavde 2011). World-

wide more than 350,000 cases are expected to occur yearly

(Ploeg et al. 2009). Transition cell carcinoma (TCC), also re-

ferred to as urothelial carcinoma, comprises the vast majority

of bladder cancer. It occurs in two broad forms, low-grade,

superficial disease and high-grade, invasive cancer. In hu-

mans, more than two-thirds of bladder tumors at diagnosis

are superficial low-grade TCCs confined to the bladder muco-

sa (Cheng et al. 2012; Lerner et al. 2006). These tumors gen-

erally respond well to transurethral resection and intravesical

therapy, although recurrence is common, quality of life is

negatively affected, and progression to invasive TCC is a

risk. Approximately 20% of human bladder cancers are

higher-grade invasive TCC at the time of diagnosis. The stan-

dard treatment for human invasive TCC is cystectomy to ad-

dress the primary tumor and chemotherapy for metastases.

Radiation therapy is used in bladder-sparing procedures and

for regional metastases. Metastasis to regional lymph nodes,

lungs, and other organs occurs in approximately 50% of peo-

ple with invasive TCC (Lerner et al. 2006). Most bladder can-

cer deaths are due to metastases. There is clearly a great need

to improve the outlook for people with TCC, and research in-

volving animal models of TCC is essential.

Several experimentally induced models of TCC have been

established, including chemically induced tumors, transgenic

mouse models, and orthotopic xenograft models (Arantes-

Rodrigues et al. 2013; Wu et al. 2006). Although these
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experimental animal models are of great value and are con-

stantly in use in bladder cancer research, there is still a need

for complementary animal models in which the disease is nat-

urally occurring, invades and metastasizes consistently, and

more closely mimics the human condition. Dogs with natural-

ly occurring invasive TCC provide an ideal animal model to

address this need (Knapp 2006). The majority of canine TCC

consists of high-grade invasive cancer, and this will be the fo-

cus of this review. The purpose of this article is to provide an

overview of canine TCC, to summarize the similarities be-

tween canine and human invasive TCC, and to discuss the

types of valuable translational research that can be done using

dogs with naturally occurring TCC.

Naturally Occurring Bladder Cancer in Dogs

Bladder cancer comprises approximately 2% of all naturally

occurring cancers in dogs, similar to rates in humans (Knapp

and McMillan 2013; Lerner et al. 2006). With more than

70 million pet dogs in the United States and cancer develop-

ing in approximately 25% of older dogs, it is expected that

bladder cancer will newly affect more than 20,000 dogs

each year. The diagnosis is made by histologic exam of tissue

biopsies collected by surgery, cystoscopy, or catheter biopsy

(Knapp and McMillan 2013). The vast majority of TCC in

dogs ( > 90% of cases) consists of intermediate- to high-grade

invasive TCC (Patrick et al. 2006; Valli et al. 1995). Superfi-

cial, low-grade TCC is very uncommon in dogs.

Risk factors for TCC in dogs include female sex, history of

spay or neuter, obesity, strong breed-related risk (discussed in

more detail herein), and exposure to older generation flea con-

trol products and lawn chemicals (Glickman et al. 1989;

Glickman et al. 2004; Knapp and McMillan 2013). The

female / male ratio of dogs with TCC has been reported to

range from 1.71:1 to 1.95:1, with risk further enhanced in

spayed or neutered dogs (Bryan et al. 2007; Knapp and

McMillan 2013). Vegetable consumption has been reported

to reduce the risk of TCC in Scottish terriers who have a strong

breed-associated risk for the disease (Raghavan et al. 2005).

TCC typically occurs in older dogs with reported mean and

median ages at diagnosis ranging from 9 to 11 years, although

the disease can occur much earlier in a minority of dogs

(Knapp and McMillan 2013). TCC is most often located in

the trigone region of the bladder. Papillary lesions and a thick-

ened bladder wall can lead to partial or complete urinary tract

obstruction. TCC has also been reported to involve the urethra

in 56% of dogs and the prostate in 29% of male dogs (Knapp,

Glickman, Denicola, et al. 2000). Nodal and distant metasta-

ses have been reported in approximately 16% of dogs at diag-

nosis and 50% of dogs at death (Knapp, Glickman, Denicola,

et al. 2000). When applying World Health Organization

(WHO) criteria for staging canine bladder tumors (Owen

1980) (Table 1), 78% of dogs have been reported to have

T2 tumors and 20% of dogs to have T3 tumors (Knapp,

Glickman, Denicola, et al. 2000). There is a difference in

the TNM staging system between dogs and humans, with

T2 tumors in dogs including muscle invasive disease, where-

as muscle invasive tumors in humans are classified as T3 or

greater.

The treatment of TCC in dogs can include surgery, radia-

tion therapy, chemotherapy and other drugs, or combinations

of these, although surgery and radiation therapy are used less

often than drug therapy in dogs (Knapp and McMillan 2013).

Complete cystectomy, which is the front-line treatment for

organ-confined invasive bladder cancer in humans, is not typ-

ically performed in pet dogs because of the frequent presence

of cancer beyond the bladder (urethra, prostate, other organs),

the morbidity of the procedure, and the expense involved

(Knapp and McMillan 2013; Vilar et al. 2004). Most TCC le-

sions in dogs are not in a location where complete surgical

excision is possible. Initial reports of radiation therapy in

dogs with TCC were discouraging because of the side effects

of the treatment (Anderson et al. 2002). In recent reports,

however, newer radiation therapy approaches have been

much better tolerated, allowing further study (Nolan et al.

2012; Poirier et al. 2004).

Chemotherapy, cyclooxygenase inhibitors, and combina-

tions of these are the mainstay of treatment for primary and

metastatic TCC in dogs (Knapp and McMillan 2013). Remis-

sion rates are typically less than 20% with single-agent ther-

apy, and 35–50% with combined chemotherapy and cox

inhibitor treatment. Platinum agents appear to be the most ac-

tive in canine TCC, especially when combined with a cox in-

hibitor (Knapp and McMillan 2013; Knapp, Henry, et al.

2013). Chemotherapy can be delivered in dogs with minimal

risk of bothersome side effects and with maintained or im-

proved quality of life. Other important components of the

Table 1 World Health Organization TNM clinical
staging system for canine bladder cancer

T—Primary tumor

Tis Carcinoma in situ

T0 No evidence of a primary tumor

T1 Superficial papillary tumor

T2 Tumor invading the bladder wall, with induration

T3 Tumor invading neighboring organs (prostate,
uterus, vagina, and pelvic canal)

N—Regional lymph node (internal and external iliac
lymph node)

N0 No regional lymph node involvement

N1 Regional lymph node involved

N2 Regional lymph node and juxtaregional lymph node
involved

M—Distant metastases

M0 No evidence of metastasis

M1 Distant metastasis present

Modified from Owen LN. 1980. TNM Classification of Tumours in
Domestic Animals. Geneva: World Health Organization.
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care of dogs with TCC include the placement of urethral and

ureteral stents when needed to relieve urinary obstruction and

aggressively treating the increasingly resistant secondary bac-

terial infections (Blackburn et al. 2013; Childress et al. 2011;

Smee et al. 2013). Although TCC is not usually curable in

dogs with current therapies, the disease can be controlled in

75% of dogs, and the dogs can enjoy many months to a year

or more of good-quality life after diagnosis. The most consis-

tent prognostic factor is TNM stage, with more advanced

stage being associated with shorter survival. Across dogs

with all stages of TCC, median survival times are typically

between 130 and 195 days after single-agent drug treatment

and more than 250 days after combination drug treatments

(Knapp and McMillan 2013). When multiple treatments are

given sequentially, survival can extend well beyond a year.

Thus, even though TCC is rarely curable, it is considered

highly treatable.

Treatment studies in dogs are expected to be a win–win–

win scenario. The individual dog receives treatment that is ex-

pected to help them and that often provides hope when other

treatments are not effective or not feasible. The results are ex-

pected to help other dogs. And the results are expected to ul-

timately help humans with TCC.Many treatment trials for pet

dogs also include funding from the trial sponsor, which en-

ables pet owners to pursue treatment for their dog even if

they cannot afford other therapies. In fact, at the Purdue

University College of Veterinary Medicine, where the authors

work, more than 90% of owners of dogs with TCC elect to en-

roll their pet in a clinical trial. Parallel mechanism studies are

feasible in dogs with samples of blood, urine, and, in some

cases, tumor tissues collected by cystoscopy available before

and during therapy.Most pet owners will also allow a necropsy

of the dog when it dies or is euthanized (because of declining

quality of life from cancer progression or other conditions).

This provides crucial information on the disease process and

response to therapy and the opportunity to bank tissue samples

for future studies. Although most treatments tested in dogs

have been systemic therapies, dog studies can also be used to

evaluate intravesical therapy (Abbo et al. 2010).

Similarities and Differences between
Bladder Cancer in Humans and Dogs

Similarities in the Pathology and Metastatic
Behavior

The microscopic anatomy of the canine urinary bladder is

similar to that of the human bladder. TCC, also referred to

as urothelial carcinoma, is the most commonly reported tu-

mor in the urinary bladder of domestic animals, comprising

approximately 2% of all malignant neoplasms in dogs

(Meuten and Meuten 2014). By growth pattern, TCCs are di-

vided into papillary (50%) or nonpapillary (50%) tumors and

infiltrating (≥90%) or noninfiltrating (≤10%) tumors

(Meuten and Meuten 2014). Although noninfiltrating tumors

comprise the majority of human TCCs (≥65% of cases), this

form of bladder cancer is uncommon in dogs. The genesis of

bladder cancer is thought to arise through alterations in two

distinct molecular pathways. Low-grade, noninvasive TCCs

usually have alterations in the Ras–mitogen-activated protein

kinase signal transduction pathway, whereas invasive tumors

have deregulations in the p53 and retinoblastoma pathways

(Mitra et al. 2012; Gamblin et al. 1997; Mitra et al. 2006;

Mitra et al. 2012). It is likely that activation of pathways lead-

ing to low-grade tumors is uncommon in dogs. Great similar-

ity, however, is noted in the microscopic features between

invasive TCC in dogs and humans (Knapp, Glickman,

Denicola, et al. 2000). Studies of canine TCC are expected

to be of the most translational value in the invasive form of

the disease. With the relatively late diagnosis of TCC in

dogs, carcinoma in situ, an accepted precursor to invasive

TCC (Cheng et al. 2010), is uncommonly observed in dogs

(Meuten and Meuten 2014). Cytoplasmic cystic degeneration

involving single or multiple urothelial cells is common in ca-

nine TCC. Although not unique to TCC, this feature aids in

diagnosis of TCC in metastatic disease of unknown primary

neoplasm (Meuten and Meuten 2014). Another common

feature of canine TCC is a marked desmoplastic reaction to

invasion in primary and metastatic lesions. Infiltrates of leu-

kocytes are also common in primary tumors in dogs and hu-

mans. One difference noted between canine and human

invasive TCC is the location within the bladder. The majority

of canine TCC is trigonal in location at diagnosis, whereas

there is more variation in initial tumor location within the

bladder in humans. (Meuten and Meuten 2014; Mutsaers

et al. 2003). Distant metastases have been reported in 15–

20% of dogs at diagnosis and in at least 50% of dogs at death

(Knapp and McMillan 2013; Meuten and Meuten 2014). A

near-infrared imaging approach to identify sentinel lymph no-

des at the time of surgery has been investigated in dogs

(Knapp et al. 2007). Metastatic disease is more common in

anaplastic tumors, followed by nonpapillary and infiltrating

variants (Meuten and Meuten 2014). Lungs and regional

lymph nodes are the most common reported sites of metastatic

disease, but other organs, including the skin, can be affected

(Reed et al. 2013).

Necropsy findings have recently been compiled from 137

dogs with TCC evaluated at Purdue University to further

characterize the metastatic disease pattern (Table 2). Of the

137 dogs, 92 dogs (67%) had metastases in at least one

site. Nodal metastases alone (in absence of distant metasta-

ses) were found in 9% of dogs, distant metastases alone

were found in 25% of dogs, and a combination of nodal

and distant metastases were identified in 33% of dogs at the

time of death. The frequency of metastasis and the sites in-

volved were similar between dogs and humans (Table 2),

with lung being the most common site of distant metastasis.

In addition to visceral and nodal metastasis, TCC also spreads

to the abdominal wall through instruments and needles used

in surgical and nonsurgical procedures and naturally along

ligaments that support the bladder (Higuchi et al. 2013). In

this location, the cancer typically grows aggressively and is

poorly responsive to medical therapy. Bone metastases are
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also emerging as an important metastatic site, although fur-

ther prospective study is needed to determine the frequency

and characteristics of these lesions. An additional interesting

finding from the necropsy study was the presence of second

primary tumors in 18 of the 137 dogs (13%) with TCC.

Second primary tumors included hemangiosarcoma (n = 3),

marginal zone lymphoma (n = 3), hepatocholangio car-

cinoma (n = 2), follicular thyroid carcinoma (n = 2), B cell

lymphoma (n = 2), adrenal adenocarcinoma (n = 1), meni-

ngioma (n = 1), nasal adenocarcinoma (n = 1), cutaneous

squamous cell carcinoma (n = 1), oral melanoma (n = 1), pan-

creatic adenocarcinoma (n = 1), undifferentiated neuroendo-

crine tumor (n = 1), histiocytic sarcoma (n = 1), and splenic

sarcoma (n = 1). In an autopsy study of 376 humans with in-

vasive bladder cancer, second primary tumors were found in

74 (20%) patients, with most being carcinomas arising from

other primary sites.

Several classification / grading schemes have been published

in veterinary medicine for canine urothelial neoplasms, partic-

ularly TCC. One classification (Valli et al. 1995) is based on the

WHO scheme modified by Mostofi and colleagues (1986); an-

other classification scheme (Patrick et al. 2006) is based on a

more recent World Health Organization/International Society

of Urological Pathology (WHO/ISUP) classification (Epstein

et al. 1998). The WHO/ISUP consensus classification of

urothelial neoplasms (Epstein et al. 1998) classifies urothelial

lesions as hyperplasia, flat lesions with atypia, and papillary

neoplasms. Based on this classification, Patrick and colleagues

(2006) reported that the majority of canine tumors examined

were grade II (intermediate grade) or grade III (high grade) pap-

illary carcinomas. Other authors reported similar results (Valli

et al. 1995). Valli and colleagues (1995) used a modified ver-

sion by Mostofi and colleagues (1986) of the then-current

WHO classification. This classification scheme incorporates

multiple gross and microscopic features of bladder lesions

(e.g., histology, growth pattern, depth of the tumor invasion,

nuclear appearance, vascular invasion) to classify and grade

urinary bladder tumors. Features associated with localized dis-

ease in canine urothelial carcinoma included papillary architec-

ture, in situ tumor, low tumor grade, and peri-tumoral lymphoid

cell reaction, whereas typical features in dogs with metastatic

disease included infiltrating and nonpapillary architecture, in-

creasing tumor grade, depth of invasion, vascular invasion,

and presence of peri-tumoral fibrosing reaction. Shorter sur-

vival was observed with grade II and III tumors when com-

pared with grade I tumors (Valli et al. 1995).

Table 2 Sites of metastases identified in 137 dogs with transitional cell carcinoma undergoing necropsy at
Purdue University between 2005 and 2013 with comparison with published autopsy findings from humans
(Wallmeroth et al. 1999)

Location of metastases

Number of dogs with
metastasis in that location
(% of 137 dogs
undergoing necropsy)

Number of humans with
metastases in that
location (% of 308 humans
undergoing autopsy)

Any metastases 92 (67) 214 (69)

Any nodal metastases 57 (42) 180 (58)

Regional nodes (abdominal, pelvic inguinal nodes)a 40 (29) 158 (51)

Thoracic nodesb 17 (12) 80 (26)

Other nodes 1 (1) 8 (3)

Any distant metastases 80 (58) 147 (48)

Lung 69 (50) 96 (31)

Bone 15 (11) 71 (23)

Liver 10 (7) 103 (33)

Kidneyc 10 (7) 30 (10)

Adrenal gland 8 (6) 28 (10)

Skin 8 (6) 4 (1.5)

Spleen 6 (4) 11 (3.6)

Gastrointestinald 3 (2) 45 (15)

Heart 5 (4) 13 (4)

Brain 2 (1.5) 8 (2.5)

aNodes included 32 iliac, sacral, and other sublumbar; 3 inguinal; 2 mesenteric; 2 pancreatic; and 1 hypogastric node.
bNodes included nine tracheobronchial, four sternal, three mediastinal, and one hilar node
cIt was not always possible to determine if the transitional cell carcinoma represented a second primary site in the kidney or a metastatic lesion.
dTumor location included stomach in one dog, jejunum in one dog, and pancreas in one dog.
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When surgical specimens are examined, there is usually

sufficient tissue to assess growth pattern, depth of invasion,

vascular invasion, and so on. When tissue biopsies are ob-

tained by cystoscopy, however, the size of the biopsies is of-

ten small. In our opinion, nuclear grade is one of the few

constant features that can be evaluated in tissues, including

small tissue samples. In our institution, using nuclear grade

as the only feature evaluated in a retrospective study of 232

TCCs (biopsies or postmortem specimens), two TCCs were

grade I; 67 TCCs were were grade II; and 163 TCCs were

grade III (J. Ramos-Vara, unpublished data). The authors of

a recent publication (Cheng et al. 2012) question the value

of including papillary urothelial neoplasms of low malignant

potential in the current WHO/ISUP classification of human

urothelial neoplasms (Epstein 2010) and recommend incor-

poration of these tumors with the grade I (low grade) urothe-

lial carcinoma. The new proposed grading scheme for human

TCC is four tiered (grades I–IV, with grade IV being the most

malignant) (Cheng et al. 2012). This grading system appears

to be of limited value in canine TCC because the large major-

ity of TCC in dogs is of a high grade. Because of this fact and

the interobserver variability in application of a multitier sys-

tem for TCC and other tumors (Kiupel et al. 2011; Meuten

andMeuten 2014), we propose the use of a two-tier simplified

grading scheme (low vs. high grade) based on the nuclear aty-

pia and organization of cells (Cheng et al. 2012; Epstein

2010). Low-grade TCC has minimal or focal cellular atypia,

with rare or infrequent mitotic figures that can be present at

any level of the urothelium. High-grade TCC includes those

lesions with obvious architectural disorder, nuclear atypia,

and increased number of mitotic figures. Using the two-tier

system in 232 TCCs, six cases were considered of low grade

and 226 were considered of high grade (J. Ramos-Vara,

unpublished data).

The microscopic diagnosis of TCC is typically straightfor-

ward when adequate tissue is available for examination. Ob-

taining sufficient tissue samples by cystoscopy can be a

challenge, and the operator must be diligent to collect enough

tissue for diagnosis. In a report of 92 dogs, diagnostic sam-

ples were obtained by cystoscopy in 96% of female dogs

and 65% of male dogs (in which smaller scopes are required)

that ultimately had hisotopathologically diagnosed TCC

(Childress et al. 2011). Placing tissue samples in a histology

cassette before processing to prevent loss of small samples

and using a wire stone collection basket to obtain larger piec-

es of tissue during cystoscopy has further improved the yield

of diagnostic biopsy samples.

Immunohistochemistry is useful for small biopsy speci-

mens of bladder masses, for tumors located outside the uri-

nary tract, and to confirm histogenesis of individual or

small groups of cells in the bladder. The most common mark-

er of urothelial differentiation used in dogs is uroplakin III

(Ramos-Vara et al. 2003). However, as in human urothelial

carcinoma, uroplakin III, although highly specific for normal

urothelium and its tumors, has relatively low sensitivity,

which can be a problem when evaluating small (cystoscopic)

samples. Work is in progress to evaluate other markers cur-

rently used for human TCC such as UPII, GATA-3, p63,

and placental S100 (Carvalho et al. 2012; Higgins et al.

2007; Langner et al. 2003; Miyamoto, Izumi, et al. 2012;

Wu et al. 2005; Wu et al. 2009). Initial results (Figure 1) sug-

gest these markers label canine TCC; further validation stud-

ies are needed to determine their sensitivity and specificity in

the dog.

Other Cellular and Molecular Features

In addition to similarities in the pathologic findings between

dogs and humans with invasive TCC, there is evidence for

similarities in other cellular and molecular features studied

to date (Knapp and McMillan 2013). Genomic, cytogenetic,

proteomic, metabolomic, and lipidomic analyses are ongoing

with initial findings published (Dill et al. 2009; Wilson et al.

2008; Zhang J et al. 2012). The expectation is -omics analyses

will subsequently lead to new strategies to improve detection

of TCC and preneoplastic lesions, intervene earlier in the

course of disease, predict individual patient outcome, and

more effectively manage the cancer overall. For example, un-

derstanding changes on the surface of epithelial cells that oc-

cur in the transition from normal to dysplasia to carcinoma in

situ could allow the development of better assays to detect

early changes in the cancer process. -Omics analyses are

also expected to lead to the identification of new targets for

therapy that have not yet been exploited in bladder cancer.

Evidence for this comes from a recent report on an integrated

genomic analysis that included whole-exome sequencing

of 130 human TCC samples and matched normal samples

(Cancer Genome Atlas Research Network 2014). The inves-

tigators reported that the analyses identified potential thera-

peutic targets in 69% of the tumors and included targets

that had not previously attracted attention in TCC treatment

approaches.

One of the best examples of similarities in -omics analyses

between dogs and humans involves lipidomic profiling. Dill

and colleagues (2009) have applied imaging mass spectrom-

etry methods that combine chemical information collected for

multiple analytes with spatial information in the analysis of

histological tissue sections including TCC (Dill et al.

2009). Specifically, Dill and colleagues have applied desorp-

tion electrospray ionization and a microprobe imaging proce-

dure that involves moving the probe spray continuously

across the surface of the tissue section while recording

mass spectra under ambient conditions without chemical pre-

treatment. Different lipid patterns involving glycerophospho-

lipids, free fatty acids, and other lipid species were found

between canine TCC and normal bladder sections. After the

successful proof-of-concept work in canine TCC, similar

methods were then applied to human TCC sections with sim-

ilarities in the spectra noted between dogs and humans (Dill

et al. 2011).

There are other examples of similarities between human

and canine TCC. Cyclooxyegnease-2 (cox-2) is overex-

pressed in both canine and human bladder cancer, with
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expression noted in invasive TCC and carcinoma in situ

but not in the normal urothelium (Cekanova et al. 2013;

Mohammed et al. 1999; Shirahama 2000; Wadhwa et al.

2005). Cox inhibitors have become an integral part of TCC

treatment in dogs and have led to studies in humans with in-

vasive TCC (Dhawan et al. 2010; Knapp and McMillan

2013). In another example, the expression of the

apoptosis-inhibiting protein survivin has been found to be

similar between dogs and humans. Survivin expression was

reported in 359 of 726 human TCC cases (49%) and was neg-

atively associated with prognosis (Shariat et al. 2009). Survi-

vin has been targeted for urine tests to detect and monitor

TCC (Ku et al. 2012; Swana et al. 1999). In dogs, survivin

(specifically survivin localized to the nucleus) was detected

by immunohistochemistry in 28 of 41 TCC tissues (68%)

and in 0 of 46 normal bladder tissues, with findings con-

firmed by polymerase chain reaction (Rankin et al. 2008).

Another example pertains to telomerase and its effects on

telomeres. Telomeres form the ends of chromosomes, and

along with the associated protein complex shelterin, protect

the ends of the chromosomes (Orlando et al. 2001; Willeit

et al. 2010). Telomeres progressively shorten by 30 to 200

base pairs with each division, and eventually the shortening

of the telomeres results in initiation of cell senescence and ap-

optosis. Telomere maintenance is an important mechanism by

which tumor cells evade senescence, and in most instances, it

is accomplished by upregulating telomerase activity, which

prevents telomere shortening. Telomerase activity has been de-

tected in 90% of human TCCs, and it has been targeted in TCC

detection assays (Chen and Chen 2011; Eissa et al. 2013;

Orlando et al. 2001). Telomerase activity has been reported

in a canine TCC cell line and in urine samples from dogs

with TCC (McCleary-Wheeler et al. 2010).

Similarities in Clinical Presentation
and Response to Therapy

TCC is generally a disease of older people and dogs. The medi-

an age at diagnosis of 102 dogs with TCCwas 11 years (Knapp,

Glickman, Denicola, et al. 2000). When applying formulas to

convert the age in dogs to human equivalent years (Patronek

et al. 1997), the median age at diagnosis was 60 years. In hu-

mans, the median age at diagnosis has been reported to range

from the early 60s to the early 70s (Lerner et al. 2006).

Presenting clinical signs are also similar between dogs and

humans, with hematuria being the most common change not-

ed in both species. Initially, there is an absence of pain or ur-

gency. As the cancer progresses, more frequent urination and

stranguria develop. A history of urinary tract infections is

Figure 1 High-grade, invasive transitional cell carcinoma (urothelial carcinoma), urinary bladder, dog. (A) Invasion of the lamina propria by a

disorganized mass of atypical urothelial epithelium. The overlying urothelium is eroded. Hematoxylin and eosin (H&E). (B) Detail of the neo-

plastic growth. Marked anisocytosis and anisokaryosis are observed. Note several mitotic figures. H&E. (C–F) Immunoperoxidase-3,3′-diami-

nobenzidine for placental S100 (C), uroplakin III (D), uroplakin II (E), and GATA-3 (F).
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common in TCC cases in both species. The clinical signs may

improve with antibiotics to treat the secondary infection but

may not resolve completely with antibiotic treatment or

may recur soon after the course of antibiotics. Although infre-

quent, pain associated with bone metastases occurs in dogs

and humans.

There are similarities in the response to medical therapy in

dogs and humans with TCC. Platinum agents are considered

the most active agents in both species (Knapp and McMillan

2013; Lei et al. 2011). Cisplatin-based combination chemo-

therapy protocols are not often used in dogs because of side

effects considered unacceptable in dogs, although a com-

parison of single-agent activity between dogs and humans

is possible. The remission rate with single-agent cisplatin is

12–20% in dogs and 17–34% in humans (Ismaili et al.

2011; Knapp, Glickman, Widmer, et al. 2000; Miller and

Torti 1992; Yagoda 1989). Carboplatin has activity in both

species, although less than cisplatin (Boria et al. 2005; Ismaili

et al. 2011). The previous standard protocol for TCC treat-

ment in humans was methotrexate, vinblastine, doxorubicin,

and cisplatin (Ismaili et al. 2011). Although this protocol was

considered too toxic for acceptable use in pet dogs, an impor-

tant component of the protocol, vinblastine, has been evaluated

in dogs with remission and stable disease rates of 36% and

50%, respectively (Arnold et al. 2011). Vinblastine has single-

agent activity in humans and contributes to combination ther-

apy protocols (Blumenreich et al. 1982; Roberts et al. 2006).

There is also evidence for activity of gemcitabine in both spe-

cies (de Brito Galvao et al. 2012; Haggag et al. 2013).

Differences Between Bladder Cancer in Dogs
and Bladder Cancer in Humans

TCC is very similar between dogs and humans, although

there are at least three differences between the species. First,

low-grade, superficial TCC comprises the majority of TCC in

humans but is very uncommon in dogs. It is thought that the

specific pathways that lead to low-grade, superficial TCC in

humans are not active in dogs. In most instances, dog studies

are of the greatest value in the study of invasive TCC. Second,

the location of the TCC within the bladder can be different

between dogs and humans. The majority of dogs have trigo-

nal disease, and extension down the urethra is common

(Knapp and McMillan 2013). In humans, however, there is

a more balanced distribution of the TCC across the areas of

the bladder (Meuten and Meuten 2014). The reason for this

difference in distribution is not yet known. Third, there is a

notable difference in sex predilection for TCC between

dogs and humans. In humans, there is a 2:1 ratio for the oc-

currence in men versus women (Burger et al. 2013). In dogs,

the cancer is less common in male dogs, with a 2:1 ratio in

favor of female dogs (Bryan et al. 2007; Knapp andMcMillan

2013). The sex difference in TCC risk is only partially under-

stood. Over several decades, men have smoked more than

women, and smoking is thought to be a causative factor

for up to 50% of human TCC cases (Burger et al. 2013).

Men have traditionally had more occupational exposures to

chemicals. It is important to note that a latency period of 30

to 40 years can exist between carcinogen exposure and TCC

development in humans, and differences in exposures be-

tween men and women many years ago can be reflected in

current TCC occurrence. It is also not yet known why TCC

is more common in dogs that have been altered in both sexes.

Higher risk of other cancers has also been reported in dogs

who have been spayed or neutered (Bryan et al. 2007; Cooley

et al. 2002; Torres de la Riva et al. 2013; Villamil et al. 2009).

These differences will likely be important in gaining a better

understanding of the development process of TCC and other

cancers, and dog studies could be very informative.

Examples of Opportunities for Dogs
Studies of Translational Value

Studies of the Etiology and Prevention of TCC

Dogs offer an exceptional opportunity to study potential ge-

netic and environmental risk factors for TCC and to develop

and test early detection and early intervention strategies. This

is important because the causes of TCC in humans are only

partially understood. Approximately half of TCC cases in hu-

mans are thought to be due to exposure to cigarette smoke and

chemicals in theworkplace (Dietrich and Golka 2012; Droller

2006; Felknor and Delclos 2006). Exposure to herbicides,

pesticides, and contaminants in agricultural chemical mix-

tures could also increase TCC risk, although not all studies

support this role (Alvanja and Bonner 2012; Koutros et al.

2009; Singh et al. 2010). Genetic factors in humans have

been associated with increased TCC risk, especially in rela-

tion to chemical exposures, although the overall understand-

ing of the heritable genetic variants associated with TCC risk

in humans is minimal (Burger et al. 2013; Franekova et al.

2008; Murta-Nascimento et al. 2007). More than half of peo-

ple with TCC have no known environmental or genetic risk

factors for the cancer (Burger et al. 2013). Studies are needed

to further identify these factors and gene–environment inter-

actions that increase TCC risk, and dog studies could prove

crucially important in this regard.

The strong breed-associated risk in dogs can be exploited

to elucidate heritable factors and gene–environment interac-

tions that increase TCC risk. Previously reported breed risks

include a 16-fold to 20-fold increased risk in Scottish terriers

and a threefold to fivefold increased risk in West Highland

white terriers, Shetland sheepdogs, beagles, and wire hair

fox terriers when compared with the risk in mixed-breed

dogs (Knapp andMcMillan 2013). Although heritable factors

are thought to play an important role in TCC risk in humans,

with the tremendous genetic diversity in humans, groups of

humans with this level of heritable risk for TCC have not

been identified. Once heritable factors are identified in

dogs, however, then those same factors can be investigated

in humans (Parker et al. 2010).

To further characterize TCC risk in dogs, a search was re-

cently conducted of the Veterinary Medical Data Base

(VMDB), a database of case information from multiple
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university veterinary teaching hospitals in the United States

and Canada. The search was conducted of cases between1999

and 2010 using SNOMED, and the odds ratios (ORs) of TCC

risk compared with the risk of mixed-breed dogs were deter-

mined. Analyses of the TCC cases confirmed the risk for TCC

in previously reported breeds and also indicated risk in addi-

tional breeds (Table 3).

Among breeds that are uncommon or less common in the

United States, there were additional breeds that also appeared

to be at increased risk for TCC based on the VMDB analyses,

albeit with small numbers of dogs to study. These breeds in-

cluded collies, fox terriers, Airedale terriers, American Eskimo

dogs, Chesapeake Bay retrievers, and Schipperkes. Studies

are ongoing to define the heritable factors that lead to higher

TCC risk in dogs.

The VMDB analyses were also useful in the assessment of

sex predilection for TCC. Previously, the ratio of female to

male dogs with TCC has been reported to range from

1.71:1 to 1.95:1 (Knapp and McMillan 2013). Similarly, in

the VMDB cases, the female/male ratio in mixed breed

dogs was 1.9:1. In dogs in some of the high-risk breeds,

however, the sex predilection did not exist or was less pro-

nounced. The ratio of female/male dogs was 0.8:1 in Scottish

terriers (n = 79), 1.2:1 in Shetland sheepdogs (n = 93), 1.3:1

in West Highland white terriers (n = 44), and 1.2:1 in beagles

(n = 62). In Dalmatians, the ratio of female/male dogs was

3.7:1, although this was based on only 19 cases, and further

study in larger numbers of dogs would be indicated. The

sex distribution significantly differed for Scottish terriers

(p = 0.003, Fisher’s exact test) compared with mixed-breed

dogs in the VMDB study. The sex distributions for the other

four breeds (Shetland sheepdogs, West Highland white terri-

ers, beagles, and Dalmatians), however, did not significantly

differ from that of mixed-breed dogs.

In addition to differences in sex across breeds, a significant

difference (p < 0.001) in anatomic location of the TCC was

noted between the high-risk breeds and mixed-breed dogs

in the VMDB study. The localization of the TCC to the blad-

der alone, or to the bladder and urethra alone (vs. involvement

of the prostate, ureter, and kidney), was less common in

mixed-breed dogs than in the higher-risk breeds (Table 4).

Further study is needed to determine the reasons for the dif-

ferences in tumor location and the differences in sex predilec-

tion across breeds.

The VMDB study was also of interest in confirming the in-

creasing hospital prevalence of TCC at university veterinary

teaching hospitals. The proportion of the canine caseload that

consists of TCC cases has continued to increase. This increasing

proportionate morbidity was previously reported between 1975

and 1995 (Knapp, Glickman, Denicola, et al. 2000). In themore

recent VMDB study, the prevalence of TCC cases continued to

increase between 1999 and 2010, from 0.15% to 0.7% of all

hospital patients (Figure 2). When Purdue University cases

(where TCC cases are actively recruited) were excluded, the

graphwas not appreciably different. Although increasing aware-

ness of the TCC problem and the fact that effective therapies ex-

ist could encourage referral to teaching hospitals, it is likely that

a true biological increase in TCC risk also exists.

In addition to study of the genetic factors related to TCC

risk, studies in dogs can define environmental risk factors

for TCC. The more limited breadth of exposures in many

dogs and the compressed lifespan in dogs compared with hu-

mans aid in the identification of environmental risk factors for

the disease. In addition, because dogs do not smoke, they

could be a more specific sentinel for other causes of TCC

in humans, although the risk of secondhand smoke has not

been fully defined in dogs. Examples of non-smoking-related

risks for TCC are provided herein.

Table 3 Summary of analyses of Veterinary Medical Data Base records of dogs with transitional cell
carcinoma (TCC) and dogs in the same breed without TCC (SNOMED search, 1999–2010)

Breed
Number of dogs in that
breed in data base

TCC cases in that
breed in data base

OR compared with
mixed breed

95% confidence
intervals

Mixed breed dog
(reference category)

42,777 269 1.0 NA

Scottish terrier 670 79 21.12 16.23–27.49

Eskimo dog 225 9 6.58 3.34–12.96

Shetland sheepdog 2521 93 6.05 4.76–7.69

West Highland white terrier 1234 44 5.84 4.23–8.08

Keeshond 381 10 4.26 2.25–8.07

Samoyed 471 10 3.43 1.81–6.49

Beagle 3236 62 3.09 2.34–4.08

Dalmatian 1253 19 2.43 1.52–3.89

The odds ratios (ORs) of TCC risk compared with the risk in mixed-breed dogs are reported for breeds with an OR≥ 2.0 and at least nine cases of
TCC in the breed.

Volume 55, Number 1, doi: 10.1093/ilar/ilu018 2014 107

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/ila
rjo

u
rn

a
l/a

rtic
le

/5
5
/1

/1
0
0
/8

4
7
8
4
8
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



In a previous case–control study, a significant association

between TCC risk and exposure to the topical application

of flea and tick dips was noted (Glickman et al. 1989). In

the highest-risk group (overweight female dogs), the risk

for TCC was 28 times that of normal-weight male dogs not

exposed to the insecticides. The exact chemical carcinogen

was not determined in this study. In fact, the authors speculat-

ed that the inert ingredients (solvents and petroleum distil-

lates), which accounted for more than 95% of the product,

could be at least partially responsible for the risk. Fortunately,

newer, spot-on types of flea control products appear safer

(Raghavan et al. 2004).

Another environmental risk for TCC in dogs is exposure to

lawn chemicals, with a strong association found for lawn

chemical exposure and TCC risk in the genetically suscepti-

ble dog breed of Scottish terriers (Glickman et al. 2004). In a

case–control study, Scottish terriers exposed to lawn herbi-

cides had a 3.6-fold increased risk for TCC (OR = 3.62;

95% confidence interval [CI] = 1.17–11.19; p = 0.03) com-

pared with unexposed dogs. Dogs exposed to lawn herbicides

and pesticides had a 7.2-fold increased TCC risk (OR = 7.19;

95% CI = 2.15–24.07; p = 0.001) (Glickman et al. 2004). It

was suggested that chemical carcinogens (or precarcinogens)

on the lawn were internalized by the dogs and excreted in

urine, thereby exposing the urothelium to harmful chemicals.

A follow-up study was performed to prospectively measure

herbicide concentrations in the urine of dogs living in house-

holds that did or did not apply lawn chemicals (Knapp,

Peer, et al. 2013). Briefly, the concentrations of three chemi-

cals commonly used in commercial lawn care products, including

2,4-dichlorophenoxyacetic acid, 4-chloro-2methylphenoxy-

propionic acid, and dimethyl 2-(difluoromethyl)-4-(2-

methylpropyl)-6-(trifluoromethyl) pyridine-3,5-dicarbothioate,

were measured. Concentrations of the three chemicals were

measured in the urine of dogs and on the surface of the grass

before lawn application and at 24 and 48 hours after chemical

Table 4 Location of transitional cell carcinoma (TCC) within the urinary tract in mixed breed dogs and in dogs
with high breed-associated risk for TCC

Location
Scottish
terrier

Shetland
sheepdog

West Highland
white terrier Beagle Dalmatian

Mixed
breed

Bladder only 76% 68% 77% 64% 63% 48%

Bladder and urethra 11% 17% 14% 15% 11% 19%

Urethra 1% 4% 5% 6% 26% 17%

Othera 11% 11% 5% 15% 0% 16%

aCould include prostate, kidney, or ureter.

Figure 2 University hospital prevalence of canine bladder cancer expressed as rate per 1000 dogs evaluated at the teaching hospitals (Veterinary

Medical Data Base).
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application. It was concerning that at least one of the three

chemicals was detected in the urine of dogs in 19 of 25 house-

holds after lawn treatment. Of greater concern, chemicals

were also detected in the urine of dogs in 14 of 25 households

before the lawn was treated and in dogs in four of eight un-

treated households. Chemicals were commonly detected in

grass residues from treated and untreated lawns, suggesting

chemical drift from nearby treated areas. It was also noted

that the condition of the lawn affected chemical residence

time. Concern has been expressed for higher TCC risk in peo-

ple exposed to herbicides, pesticides, and contaminants in ag-

ricultural chemical mixtures, although not all studies support

this (Alavanja and Bonner 2012; Boers et al. 2010; Koutros

et al. 2009; Singh et al. 2010; Yi 2013).

In work related to environmental risk factors, dogs can be

used to identify previously unknown environmental risk and

to serve as sentinels for environmental exposures that could

also be of risk to humans. The latency period between chem-

ical exposure and TCC development can be as short as a year

in dogs (range = 1–10 years) (Okajima et al. 1981), whereas

latency periods in humans can extend to several decades

(Dietrich and Golka 2012; Droller 2006; Felknor and Delclos

2006). Dogs could possibly serve as sentinels for environ-

mental exposures in humans that could lead to higher TCC

risk if not addressed in a timely fashion. Dogs have already

been identified as sentinels for other cancer risk, with a nota-

ble example being mesothelioma from exposure to asbestos

(Glickman et al. 1983; Kelsey et al. 1998). In another exam-

ple, dogs living near toxic Superfund sites had higher geno-

toxic changes (micronuclei in cultured peripheral blood

lymphocytes) than dogs living in other areas (Backer

et al. 2001).

Studies of dogs with breed-associated risk for TCC can be

extended to study early detection and intervention strategies.

When conducting prevention research, it is extremely helpful

to work with a well-defined group of individuals in which

many of the subjects are expected to develop cancer in the

study period. The breed-associated risk for TCC offers this

opportunity. In general terms, a cohort of dogs could be se-

lected based on breed and age to screen with ultrasound, urine

sediment, and other tests at set intervals. The suggestion of

neoplastic changes could be followed by pathologic confir-

mation by cystoscopy. Dogs with pathologic changes such

as dysplasia or carcinoma in situ could then become the sub-

jects for an interventional study, with the goal to prevent the

progression to invasive TCC. This would allow the assess-

ment of early detection and intervention strategies that could

then be tested in humans, especially as groups of humans with

high risk are identified. A study that would include a 30-year

window of exposure and intervention in humans could be

done in less than 3 years in dogs. It is very appealing, there-

fore, to conduct the dog studies first to select the most prom-

ising approach to then test in humans. Early detection and

intervention studies are in the planning stages in dogs at

risk for TCC. Future dog work could also include studies to

test primary prevention strategies, that being strategies to pre-

vent even the earliest pathologic changes. Although these

studies could require more than 3 years to accomplish, the

time frame would still be considerably shorter than the de-

cades that would be required for similar studies in humans.

Investigation of Cellular andMolecular Features:
Androgen and Estrogen Receptors

In addition to the examples provided above, canine TCC con-

tinues to serve as a model for the study of cellular and molec-

ular events involved in TCC development and progression.

An emerging area of interest in bladder cancer is the role

of hormone receptors, especially androgen receptors (ARs)

and estrogen receptors (ERs) (Chang et al. 2013; Li, Izumi,

Miyamoto 2012; Rahmani et al. 2013). These receptors are

located throughout the body, including the bladder. In addi-

tion to their physiologic roles in normal bladder function, an-

drogens and estrogens and the complexes formed with their

receptors serve as important transcription factors for several

genes involved in cell proliferation and survival (Chang et al.

2013; Li, Izumi, Miyamoto 2012; Maximov et al. 2013;

Rahmani et al. 2013). Although the roles of AR signaling

in prostate cancer (MacVicar and Hussain 2013), and ER sig-

naling in breast cancer (Maximov et al. 2013) and therapies that

target these signaling pathways have been widely appreciated

for decades, the recognition of their potential importance in

other cancers has been relatively recent (Chang et al. 2013).

The evidence that ARs can enhance TCC development and

progression comes from in vitro and in vivo studies (Chang

et al. 2013; Li, Izumi, Miyamoto 2012; Rahmani et al.

2013). Androgens have enhanced the proliferation of

AR-expressing TCC cell lines. In rodent studies in which

bladder tumors were induced by the tobacco product

N-butyl-N-(4-hydroxybutyl) nitrosamine (BBN), male ani-

mals formed tumors more often and more rapidly than female

animals (Miyamoto et al. 2007). Similarly, castrated mice had

fewer tumors than intact mice, and AR knockout mice did not

form tumors in response to BBN (Li, Izumi, Miyamoto 2012;

Miyamoto et al. 2007). A proportion of human TCCs express

ARs, although the exact percentage has not been defined. Im-

munohistochemistry studies have indicated AR expression in

13–78% of human TCC cases (Li, Izumi, Miyamoto 2012;

Miyamoto, Yao, et al. 2012). Some of the variation in the

findings is likely due to different tissue processing methods,

which can affect results. In a recent study of 188 TCC cases in

humans, AR expression was noted in 42% of tumors from

men and 43% of tumors from women and in 55% of low-

grade tumors and 36% of high-grade tumors (Miyamoto,

Yao, et al. 2012). AR expression in the more “normal” tissues

adjacent to the tumor (80%) was higher than in TCC. Other

investigators have reported higher AR expression in organ-

confined muscle invasive TCC than in metastatic disease

(Gakis and Stenzl 2013). Thus, a trend appears to be emerg-

ing for higher AR expression in the normal bladder and

less-aggressive forms of TCC and reduced expression in the

higher-grade and -stage disease (Miyamoto, Yao, et al. 2012).

Another important aspect of AR signaling is the finding of
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AR variants that lack some part of the ligand binding domain

but can signal in the absence of ligand binding (Li, Hwang,

et al. 2012). Although AR variants have not been studied to

any extent in TCC, AR variants in prostate cancer have been

associated with hormone refractory disease, bone metastasis,

and poor prognosis.

Dogs offer an intriguing opportunity to further study the

role of AR signaling in TCC development and progression.

In our laboratory, immunohistochemistry was performed as

previously described (Dhawan, Ramos-Vara, Hahn, et al.

2013) using an anti-AR antibody (sc-816; Santa Cruz Bio-

technology, Santa Cruz, CA). Two investigators (K.Y. and

D.D.) reviewed all slides independently, and slides were con-

sidered positive when immunostaining was observed in 10%

or more of tumor cells. AR expression was detected in 15 of

37 canine TCC specimens and in 10 of 15 normal bladder

sections (Figure 3). AR expression in TCC was noted in 10

of 16 (62%) tissues from neutered male dogs, 0 of 1 tissue

from an intact male dog, and 5 of 20 (25%) tissues from

spayed female dogs. The downregulation of the AR gene in

the high-grade cancer compared with the normal bladder in

dogs was also confirmed in expression array studies (Dhawan,

Ramos-Vara, Hahn, et al. 2013). Thus the trend of higher AR

expression in the normal bladder and lower expression in

more advanced human TCC appears to exist in dogs as

well. It should be noted that the antibody used in the immu-

nohistochemical studies and in Western blot analyses of ca-

nine samples is expected to bind to the full-length AR in

dog samples (based on manufacturer report) but may not rec-

ognize AR variants. Using Western blot analysis, marked ex-

pression of AR (110 kd protein) was noted in 2 of 10 canine

TCC cell lines (Dhawan, et al. 2009), with no to minimal ex-

pression in other lines (Figure 4). Using the same conditions,

AR expression was noted in one of three human TCC cell

lines (Figure 3). The addition of the androgen antagonist flu-

tamide (0.1–25 μM; Sigma, St. Louis, MO) or the androgen

agonist, R1881 (0.01–100 nM; Sigma) had no to little effect

on the proliferation of three canine and two human TCC cell

lines (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium

bromide, assay of cells in androgen-depleted media), suggest-

ing other signaling pathways were more dominant at that

time. It is recognized that AR signaling may have different

effects at different stages of TCC development. Further study

of the entire process is indicated, and dogs could prove valu-

able in this research.

There is emerging evidence for the importance of estrogens

and ER signaling in TCC (George et al. 2013; Hsu et al. 2013;

Kauffman et al. 2013; Miyamoto, Yao, et al. 2012). ERα and

ERβ are postulated to have different effects on TCC develop-

ment. In rodent studies of BBN-induced bladder tumors, ERα

appeared to have a protective role and ERβ an enhancing role

in tumor development (Hsu et al. 2013), although in other

studies ERα appeared important in tumor initiation (George

et al. 2013). In humans, ERα expression has been reported

in 50% of the normal bladder section adjacent to tumor,

38% of low-grade tumors, and 19% of high-grade, invasive

tumors (Miyamoto, Yao, et al. 2012). Conversely, in human

TCC, increasing ERβ expression is significantly associated

with higher-grade and -stage tumors (Kauffman et al. 2013;

Miyamoto, Yao, et al. 2012). ERβ has also been significantly

associated with lymphovascular and perineural invasion, dis-

ease recurrence, and worse recurrence-free and overall sur-

vival after cystectomy (Kauffman et al. 2013). Activation

of ERβ in bladder cancer cell lines has led to significant in-

creases in proliferation, whereas treatment with tamoxifen

was reported to inhibit cell growth (Kauffman et al. 2013).

The expression of ERs in canine TCC has also been noted.

In work presented in abstract form, ERα expression was noted

in approximately half of canine TCC cases and in all of

canine normal bladders evaluated (McMillan, Dhawan, and

Knapp, unpublished data). ERβ expression was noted in ap-

proximately three-quarters of canine TCC cases, as well as in

the majority of normal bladder tissues from dogs. As dis-

cussed herein, most dogs with TCC in the United States

have been spayed or neutered (as is common practice in vet-

erinary medicine in this country), and most of the tissues

studied were from spayed and neutered dogs. As research in

AR and ER signaling continues, it will be important to

Figure 3 Expression of androgen receptors (ARs) in tissues. Immunohistochemistry was performed with anti-AR antibody (sc-816; Santa Cruz

Biotechnology, Santa Cruz, CA) as described previously (Dhawan, Ramos-Vara, Hahn, et al. 2013). (A) Glandular cells in normal canine pros-

tate served as a positive control. Note immunoreactivity observed as brown color detected by 3,3′-diaminobenzidine. AR expression was de-

tected in the 40% of canine transitional cell carcinoma (TCC) sections (B), and was absent in 60% of TCC samples (C). Cells were counter

stained with hematoxylin.
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include dogs from other countries in which more dogs remain

sexually intact. It is likely that AR and ER signaling play an

important role in TCC in humans and dogs, and studies in-

volving dogs with TCC could prove highly valuable.

Treatment Trials in Dogs with TCC

One of the most important areas in which dog studies can pro-

vide translational value to ultimately help people with TCC is

in treatment trials. Four examples of treatment studies in dogs

with translational value are discussed: (1) cox inhibitor trials,

(2) targeted therapy studies, (3) epigenetic based therapy, and

(4) metronomic chemotherapy. The most progress has been

made in the cox inhibitor studies, and these have received

the most attention to date. An expanded summary of this

area is included, along with more brief mention of the other

therapies.

Cox Inhibitor Trials

Cox inhibitors are now widely accepted for their activity as

cancer preventive and treatment agents in humans and dogs

(Algra and Rothwell 2012; Knapp and McMillan 2013;

Thun et al. 2012). Cox inhibitor studies in dogs are intriguing

for several reasons. First, the antitumor effects of these drugs

were observed and studied in dogs before major human stud-

ies (Knapp et al. 1992). Second, cox inhibitors have become a

mainstay of TCC treatment in dogs (Knapp and McMillan

2013). Pet owners appreciate the oral treatment option, rela-

tively low cost, and antitumor activity, along with the low risk

of side effects. Thirds, cox inhibitor work has been translated

from dogs to humans with similar biological effects seen in

both species (Dhawan et al. 2010).

In canine TCC, it is well recognized that cox inhibitors

have antitumor effects as single agents and enhance the activ-

ity of chemotherapy (Knapp and McMillan 2013). Single

agent cox inhibitor studies have included the nonselective

cox inhibitor piroxicam and the cox-2 selective inhibitors de-

racoxib, and firocoxib (Knapp and McMillan 2013; Knapp,

Henry, et al. 2013; McMillan et al. 2011). All three agents

induce remission (with most being partial remission) in ap-

proximately 15–20% of dogs with TCC. Disease stabilization

can also be achieved in up to 55% of dogs.

The benefits of piroxicam treatment (0.3 mg/kg/day orally)

in dogs with TCC has recently been confirmed in a larger

number of dogs treated at the Purdue University Veterinary

Teaching Hospital (PUVTH), including results from 34

dogs previously published (Knapp et al. 1994) and from 60

additional dogs evaluated and treated in a similar fashion at

the PUVTH. A PUVTH medical records search between

1990 and 2013 was conducted to identify dogs with TCC

that received single-agent piroxicam for all or part of their

treatment regimen. All of the dogs had histopathologically di-

agnosed measurable TCC and had failed other therapies or

were not eligible for other therapies. One difference between

the original 34 cases and the newer cases is that in the newer

cases, tumor size within the bladder was determined by a de-

tailed ultrasound mapping protocol, as previously described

(Hahn et al. 2012).

The 94 dogs treated with piroxicam ranged in age from 3.6

to 16.1 years (mean = 10.7 ± 2.5 years) and included 33 neu-

tered male dogs (35%), 4 intact male dogs (4%), 56 spayed

female dogs (60%), and 1 intact female dog (1%). The breeds

included 22 mixed breed dogs, 13 Scottish terriers, 10 Shet-

land sheepdogs, 4 West Highland white terriers, 4 beagles,

3 Keeshonds, 3 German shepherds, 2 Cairn terriers, 2 Irish

setters, 3 dachshunds, 2 cocker spaniels, 2 golden retrievers,

and 1 each of Fox terrier, Pharoh hound, Basset hound, Jack

Russell terrier, Pomeranian, coonhound, shar pei, Pembroke

Welsh corgi, Dalmatian, miniature pinscher, American Eskimo,

Labrador retriever, schnauzer, Basenji, Yorkshire terrier, French

bulldog, boxer, collie, Australian shepherd, shih tzu, Wheaten

terrier, miniature poodle, Pekingese, and Brittany spaniel. The

TNM stages included 69 T2N0M0, 3 T2N1M0, 3 T2N0M1, 4

T2N1M1, 10 T3N0M0, 1 T3N1M0, 2 T3N0M1, 1 T3N1M1,

and 1 T0N0M1 tumor. Metastases were detected in 16% of the

dogs, including lymph node metastases in 9.5% of dogs and

Figure 4 Western blot analyses of canine and human bladder cancer cell lines. Cell lysates (60 µg) were resolved on 10% sodium dodecyl

sulfate polyacrylamide gel electrophoresis and probed using anti–androgen receptor (AR) antibody (1:100, sc-816; Santa Cruz Biotechnology,

Santa Cruz, CA). Two of 10 canine bladder cancer cell lines and one of three human bladder cancer cell lines expressed AR protein. Actin

confirms equal protein loading.
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distant metastases in 11.5% of dogs. The tumor involved the

urethra in 40% of dogs and the prostate in 32% of male dogs.

The tumor response was known in 76 dogs and included 2

(2.6%) complete remission (complete resolution of all clinical

evidence of cancer), 14 (18.4%) partial remission (≥50% re-

duction in tumor volume and no new tumor lesions), 45

(59.2%) stable disease (<50% change in tumor volume and

no new lesions), and 15 (19.7%) progressive disease (≥50% in-

crease in tumor volume of the development of new tumor le-

sions). In the other 18 dogs, some follow-up information was

available but not specific imaging results. The median

progression-free interval (PFI) from the start of piroxicam until

progressive disease occurred was 120 days (range = 17–1256

days) (Figure 5). The median survival from the start of piroxi-

cam until deathwas 244 days (range = 6–1256 days) (Figure 6).

Other treatments were given in 29 dogs after single-agent pir-

oxicam, and these treatments included mitoxantrone (n = 6

dogs), cisplatin (n = 6 dogs), vinblastine (n = 5 dogs), chloram-

bucil (n = 5 dogs), deracoxib (n = 4 dogs), doxorubicin (n = 3

dogs), and zebularine (n = 2 dogs). One dog each received

carboplatin, firocoxib, cyclophosphamide, actinomycin D,

dacarbazine, folate-vinblastine, and mycobacterial cell wall

DNA complex. The median survival did not differ significantly

(p = 0.24) between dogs who received other therapies

after piroxicam (344 days) and dogs who did not receive

other therapies (176 days). None of the potential variables of

interest (T stage, N stage, M stage, any metastasis, or at-risk

breed) were significantly associated with PFI or survival

(Cox proportional hazard analysis) or remission (chi-square

analysis). Of 55 dogs in which information was available re-

garding the cause of death, death (natural death or euthanasia)

was due to the primary tumor in 29 dogs (53%), metastatic

disease in 11 dogs (20%), combined primary and metastatic

disease in 3 dogs (5%), and noncancer-related causes in 12

dogs (22%).

Piroxicam was generally well tolerated. Using criteria es-

tablished by the Veterinary Cooperative Oncology Group

(2004), adverse gastrointestinal events were noted in 29

dogs, including 10 dogs with grade 1, 16 dogs with grade

2, 1 dog with grade 3, and 2 dogs with grade 4 adverse events.

The alanine aminotransferase increased from normal to ab-

normal in 10 dogs. Alkaline phosphatase, which has been

noted to be elevated in many dogs with TCC, was above

the reference range in 50 of 87 dogs before piroxicam treat-

ment and increased from normal to abnormal in six additional

dogs. In most cases, it was not possible to determine whether

the adverse events and changes in alanine aminotransferase

and alkaline phosphatase were due to the piroxicam, the can-

cer and resulting organ dysfunction, or other causes. Many

owners commented that their dog felt much better on pirox-

icam. To follow-up on this, the medical records were re-

viewed for evidence of change in quality of life with

piroxicam treatment. Information regarding changes in urina-

tion (frequency, urgency, stranguria, hematuria in the absence

of infection), appetite, and activity level was compiled. Infor-

mation regarding change in quality of life with piroxicam

treatment was found in the records of 56 dogs. Of the

56 dogs, the quality of life improved in at least one area

(and did not worsen in any area) in 36 dogs, remained the

same in 14 dogs, and worsened in 6 dogs.

With the positive findings of cox inhibitor treatment in dog

studies, translation to humans was an obvious next step. Care-

ful consideration was taken to design a study to evaluate cox

inhibitor effects and not interfere with the standard-of-care

therapy in humans. The front-line treatment for people with

invasive TCC is cystectomy with or without perioperative

chemotherapy (Lerner et al. 2006). Patients who develop met-

astatic disease are treated with chemotherapy. Options for cox

inhibitor studies in peoplewith TCC included (1) a short-term

intervention study between diagnosis and cystectomy, (2) a

randomized trial in which patients receive cox inhibitor or

placebo after cystectomy, (3) a randomized trial in which pa-

tients with metastatic disease receive chemotherapy or

Figure 5 Kaplan–Meier curve for progression-free interval in dogs

with transitional cell carcinoma treated with single-agent piroxicam.

The median progression-free interval was 120 days (range = 17–

1256 days).

Figure 6 Kaplan–Meier curve for survival from the beginning of

single-agent piroxicam treatment until death in dogs with transition-

al cell carcinoma. The median survival was 244 days (range = 6–

1256 days).
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chemotherapy plus cox inhibitor, and (4) a trial of cox inhib-

itor treatment after other treatments have failed. To initiate

studies in humans, a short-term intervention study of a cox

inhibitor between diagnosis and cystectomy was performed

(Dhawan et al. 2010). Briefly, the cox-2 inhibitor celecoxib

was given to humans with invasive TCC for 2 to 6 weeks be-

tween diagnosis (by cystoscopic biopsy) and the scheduled

cystectomy. Recognizing that measuring change in tumor

size over this limited period of time would be difficult, bio-

logical endpoints were selected, with the main endpoint being

induction of apoptosis in the tumor tissue between the pre-

treatment biopsy and post-treatment cystectomy samples. Al-

though the exact mechanisms of the antitumor activity of cox

inhibitors have not been not fully defined, induction of apo-

ptosis in the tumor has been a consistent finding in animal and

human studies (de Groot et al. 2007; Dhawan et al. 2008;

Mohammed et al. 2002; Mohammed et al. 2006). A signifi-

cant association between increase in apoptotic index and

tumor regression with piroxicam treatment has been observed

in dogs with TCC (Mohammed et al. 2002). In the celecoxib

trial, no residual invasive cancer was identified in 3 of 13

patients at the time of cystectomy (after celecoxib). Of the

remaining 10 patients, 7 had induction of apoptosis in

the tumor, demonstrating a similar biological effect to that ob-

served in dogs with TCC.

In addition to the effects of single-agent cox inhibitor treat-

ment, these drugs also enhance the activity of chemotherapy.

In dogs, cox inhibitors have enhanced the activity of cisplatin

in multiple studies, including randomized trials (Knapp,

Glickman, Widmer, et al. 2000; Knapp, Henry, et al. 2013;

Mohammed et al. 2003). The remission rate with cisplatin

alone was less than 20%, whereas the remission rate with

cisplatin and cox inhibitor ranged 50–70% (Knapp and

McMillan 2013; Knapp, Glickman, Widmer, et al. 2000;

Knapp, Henry, et al. 2013). Clearly, further study of the effects

of cox inhibitors in TCC treatment is indicated, and dogs offer

an ideal animal model for this work. It remains to be deter-

mined whether nonselective cox inhibitors or selective cox-2

inhibitors will emerge as more optimal agents.

Targeted Therapy for Bladder Cancer

The targeted therapy of cancer is becoming essential to have

the greatest antitumor effects with minimal risk of toxicity

and to develop more individualized treatment. Two examples

are provided of targeted therapy approaches being investigat-

ed in dogs in which results are expected to be of translational

value in humans. The first involves the investigation of folate-

targeted therapy, an emerging approach exploiting the high

uptake of folate (vitamin B9) and folate drug conjugates

into certain cancers compared with normal tissues (Low

et al. 2008). Folate receptor (FR) expression in normal tissues

is limited, whereas upregulation of FRs has been noted in sev-

eral forms of human cancer (Low et al. 2008; Parker et al.

2005; Reddy et al. 2007; Zhao et al. 2008). Trials are ongoing

of folate-targeted therapy in humans with ovarian cancer

and lung cancer, but this therapy has not yet been directed

to human bladder cancer. A dog study was conducted to de-

termine the potential value of folate-targeted therapy in blad-

der cancer (Dhawan, Ramos-Vara, Naughton, et al. 2013).

Immunohistochemical studies were performed on canine

and human TCC tissues, with comparison with normal blad-

der, and FRs were detected (PU17, polyclonal antibody; En-

docyte, West Lafayette, IN) in most primary TCC tissues and

many nodal and lung metastases from dogs, and scintigraphy

confirmed folate uptake in primary and metastatic lesions.

Immunoreactivity to PU17 was similar in humans (78% of

primary TCC; 80% of nodal metastases). Less immunoreac-

tivity to a monoclonal antibody (mab343; 22% of cases) oc-

curred. Although FR-α has been the most widely studied FR

in cancer (Low et al. 2008), FR-βwas noted in 21% of human

TCC cases. A dose-escalation study of folate-targeted vin-

blastine (EC0905; Endocyte) was conducted in dogs with

biopsy-confirmed, FR-positive TCC. As is the case for all

clinical trials in dogs, the study was approved by the institu-

tional animal care and use committee, and informed pet own-

er consent in writing was obtained for all participating dogs.

The maximum tolerated dose of EC0905 in dogs (0.25 mg/kg

intravenously weekly) was determined with neutropenia at

higher doses. In 10 dogs, the tumor responses included partial

remission (≥50% reduction in tumor volume) in five dogs,

and stable disease (<50% change in tumor volume) in four

dogs. The tumor response could not be determined in one

dog. With these initial promising results, further study of

folate-targeted therapy in dogs is ongoing. Demonstrating

the benefit in dogs will provide justification to expand the hu-

man application of folate-targeted therapy to bladder cancer,

as well as the other cancers currently under study.

Another example of targeted therapy development relates

to a bladder cancer–specific peptide (PLZ4; amino acid se-

quence: cQDGRMGFc) that specifically binds to human

TCC cell lines and cells obtained from patients (Lin et al.

2011). This same peptide has been found to bind to five ca-

nine TCC cell lines with high affinity and to then internalize

(Zhang H et al. 2012). Further studies are in progress to use

this peptide as a targeting ligand to deliver therapeutic agents.

Epigenetic-Based Therapies: Demethylating Agent Trials

Epigenetic events that can drive cancer development and pro-

gression in the absence of DNAmutational events are becom-

ing widely recognized as targets for cancer therapy (Baylin

and Jones 2011). One of the key events in this process is ab-

errant methylation in the promoter region of tumor suppressor

genes, resulting in silencing of the genes. Aberrant DNA

methylation in multiple cancer-related genes has been found

in human TCC tissues and cell lines (Besaratinia et al. 2013).

A key enzyme in DNA methylation (DNMT1) has been

found to be overexpressed in human and canine TCC

(Dhawan, Ramos-Vara, Hahn, et al. 2013) and to be associat-

ed with more aggressive disease in humans (Wu et al. 2011).

When considering the development of clinical trials of de-

methylating agents in humans, key information from dogs

could be of value, such as the level of effectiveness, safety,
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and treatment schedule. A clinical trial of the demethylating

agent 5-azacitidine (5-AzaC) in dogs with TCC was per-

formed (Hahn et al. 2012). Doses were escalated in two dif-

ferent dose schedules (daily treatment for 5 days once per

month or daily treatment for 5 days twice per month). Of

18 dogs evaluable for tumor response, partial remission, sta-

ble disease, and progressive disease were observed in four

(22.2%), nine (50.0%), and four (22.2%) dogs, respectively.

Consistent 5-AzaC levels (205–857 ng/ml) were detected in

urine. The maximum tolerated dose in each treatment sched-

ule was determined with neutropenia at higher doses. This

study demonstrated promising activity of a demethylating

agent in dogs with TCC. Further work in dogs is ongoing, in-

cluding studies of an oral agent and work to define optimal

dosing for demethylating activity, which may be substantially

lower than maximum tolerated doses.

Metronomic Chemotherapy Trial

Metronomic chemotherapy is briefly mentioned for three rea-

sons. First, it provides an excellent example of making better

use of existing drugs or the “repurposing” of existing drugs to

treat TCC. Second, it highlights the opportunity to test treat-

ment strategies in dogs that are expected to be beneficial but

are not yet proven. Third, it provides an example of how TCC

can be treated as a chronic disease with the goal to control the

cancer rather than to attempt, largely unsuccessfully, to erad-

icate it. Briefly, metronomic chemotherapy consists of the ad-

ministration of low doses of chemotherapeutic drugs

frequently and repetitively to prevent or delay progression

of cancer (Lien et al. 2013; Mutsaers 2009). Metronomic che-

motherapy is thought to have effects through multiple mech-

anisms, including inhibition of the formation of new blood

vessels in tumors and modulation of immune system function

(Lien et al. 2013; Nars and Kaneno 2013). Metronomic che-

motherapy is well tolerated by rodents and humans and has

shown promise for slowing the growth of tumors, including

tumors for which other treatments have been unsuccessful

(Mutsaers 2009). Although remission is not typically expect-

ed, metronomic chemotherapy is expected to help control

cancer for a long period of time (i.e., cancer is treated as a

chronic disease that is managed rather than cured). Metro-

nomic chemotherapy is expected to be of benefit in TCC

but has received little attention in this cancer type. To help

determine the potential value of metronomic chemotherapy

in bladder cancer treatment, a study of metronomic chloram-

bucil (4 mg/m2 orally every 24 hours) was undertaken in dogs

with TCC (Schrempp et al. 2013). This dosage was selected

from an earlier study of chlorambucil treatment in dogs with

several types of cancer and is lower than the more traditional

dose of chlorambucil (6 mg/m2, with some dosing recom-

mendations as high as 8 mg/m2 in dogs) (Leach et al.

2012). Of 31 dogs enrolled in the study, 29 had failed previ-

ous therapies, although not the extensive treatments common-

ly given to humans with TCC. The tumor responses included

1 (3%) dog with partial remission (≥50% reduction in tumor

volume), 20 (67%) dogs with stable disease (<50% change in

tumor volume), and 9 (30%) dogs with progressive disease

(≥50% increase in tumor volume or development of addition-

al tumors); 1 dog was lost to follow-up. The median PFI from

the start of chlorambucil treatment to disease progression was

119 days (range = 7–728 days). The median survival time of

dogs from the time of the start of chlorambucil to death was

221 days (range = 7–747 days). Toxicity was minimal. In

dogs, this treatment provided excellent quality of life and ex-

tended survival for several months in most dogs, offering a

good conservative treatment option for TCC.

Conclusions

Naturally occurring invasive TCC in dogs offers a highly rel-

evant animal model for studies to improve the outlook for

people who have bladder cancer and for people who are at

risk for developing bladder cancer. The great similarities be-

tween invasive TCC in humans and dogs afford excellent op-

portunities to study the etiology and cancer biology of TCC,

to develop prevention strategies, to explore early detection

and intervention approaches, and to investigate more effective

therapies for the cancer. Numerous studies have been con-

ducted in dogs, with successful results improving the care

for pet dogs and being translated into human studies. These

successes have established the foundation in this area of re-

search. There is tremendous potential to expand this compar-

ative and translational research approach to improve the

management of invasive bladder cancer in dogs and humans.
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