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Abstract

Transitional cell carcinoma (TCC), also known as urothelial carcinoma, is the most common 

bladder cancer in humans and dogs. Approximately one-quarter of human TCCs are muscle-

invasive and associated with a high risk of death from metastasis. Canine TCC (cTCC) tumours 

are typically high-grade and muscle-invasive. Shared similarities in risk factors, histopathology, 

and clinical presentation suggest that cTCC may serve as a model for the assessment of novel 

therapeutics that may inform therapies for human muscle-invasive TCC. The goal of this study 

was to characterize cTCC at the molecular level to identify drivers of oncogenesis and druggable 

targets. We performed whole exome sequencing (WES) of 11 cTCC tumours and three matched 

normal samples, identifying 583 variants in protein-coding genes. The most common variant 

was a V-to-E missense mutation in BRAF, identified in 4 out of 11 samples (36%) via WES. 

Sanger sequencing identified BRAF variants in 8 out of the same 11 cTCC samples, as well as 

in 22 out of 32 formalin-fixed paraffin embedded (FFPE) cTCC samples, suggesting an overall 

prevalence of 70%. RNA-Seq was performed to compare the gene expression profiles of cTCC 

tumours to normal bladder tissue. cTCC tumours exhibited up-regulation of genes involved in 

the cell cycle, DNA repair, and antiviral immunity. We also analysed the immune landscape of 

cTCC using immune gene signatures and immunohistochemical analysis. A subset of tumours 
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had characteristics of a hot tumour microenvironment and exhibited high expression of signatures 

associated with complete response to PD-1/PD-L1 blockade in human bladder cancer.
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1 | INTRODUCTION

Bladder cancer comprises over 4% of diagnosed human malignancies in the United States, 

with an estimated 80 000 new cases diagnosed in 2020.1 TCC, the most common bladder 

cancer in humans, is broken into superficial, non-muscle-invasive TCC (~70%) and muscle-

invasive TCC (~30%).2 Non-muscle-invasive TCC has a five-year survival rate of 90% 

but also has a high rate of recurrence.2 Muscle-invasive TCC has a poorer prognosis, 

with a five-year survival rate of 50% for all patients and only 5% for those with distant 

metastasis.2 Increased focus on cancer as a molecular disease has emphasized the relevance 

of comparative oncology, providing a translational opportunity to identify mechanisms 

underlying cancer progression and to evaluate novel therapeutics in spontaneous tumours 

in companion animals that may inform studies in human cancer patients.3,4

Most bladder tumours in dogs are TCCs, accounting for 2% of diagnosed canine cancers.5 

The majority of cTCCs are muscle-invasive tumours of intermediate- to high-grade at 

diagnosis.6 Treatment of cTCC typically consists of cyclooxygenase inhibitors and/or 

chemotherapeutic agents; however, cTCC has a poor prognosis with a median survival 

time of less than a year for most treatments.5,7 Risk factors common to humans and dogs 

include living in urban areas, environmental exposure to benzene and polycyclic aromatic 

hydrocarbons, and prior treatment with cyclophosphamide.8 Both species also have race- 

or breed-associated subpopulations that exhibit increased risk.6,8 Additionally, human and 

canine muscle-invasive TCCs share similarities in histopathology, clinical presentation, and 

sites of metastasis.6

The Cancer Genome Atlas performed a genomic analysis of 412 chemotherapy-naïve, 

muscle-invasive human bladder tumours, identifying molecular alterations that may aid in 

future diagnosis and treatment of the disease.9 Inactivation of the p53/cell cycle pathway 

occurred in ~90% of tumours, mainly via mutations in TP53 and RB1, copy number loss 

of CDKN2A, and amplification/overexpression of MDM2.9 Activating alterations in the 

RTK/Ras/PI(3)K pathway were common, including mutations in FGFR3, PIK3CA, and 

the RAS gene family.9 Human muscle-invasive TCCs also frequently harbour mutations in 

chromatin modifiers such as histone demethylases and methyltransferases.9,10 The molecular 

landscape of canine TCC is less defined relative to that of human TCC. One of the most 

striking features of cTCC described so far is the disease’s high prevalence of BRAF 

mutations occurring in approximately three-quarters of tumours.11,12 Overexpression and 

activation of ERBB2 are also common occurrences in cTCC, as well as in human TCC.13–15 

A more recent advancement in our understanding of human muscle-invasive TCC was 

the identification of basal and luminal molecular subtypes that may respond differently 
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to chemotherapeutics.9,16 These basal and luminal molecular subtypes were subsequently 

identified in cTCC.17

In this study, we characterize the molecular features of 11 cTCC tumours by integrating 

WES and RNA-Seq to identify alterations contributing to pathogenesis as well as putative 

druggable targets. A major advantage of comparative oncology is the ability to evaluate 

novel immunotherapies in naturally occurring tumours under normal immunosurveillance. 

Thus, we examined the immune landscape of cTCC using both gene expression and 

immunohistochemical (IHC). Herein, we identify an immunologically hot subset of cTCC 

tumours exhibiting high expression of gene signatures associated with complete response to 

PD-1/PD-L1 blockade in human bladder cancer.

2 | METHODS

2.1 | Patients and samples

TCC tumour and matched normal tissue samples were collected through our institution’s 

tumour biorepository program with IACUC approval and informed owner consent. 

Pathological review identified 11 TCC samples containing at least 70% tumour by mass. 

Nine out of 11 patients were male and the average age of diagnosis was 10.9 years (Table 

1). Patient-matched normal samples were obtained for three tumours. Normal bladder tissue 

samples were obtained from healthy research hounds.

2.2 | Genomic DNA and RNA isolation

Tumour and normal tissues were freeze-fractured and homogenized in TRIzol Reagent 

(Thermo Fisher Scientific, Waltham, MA). RNA and DNA were isolated according to 

the manufacturer’s recommendations. RNA was purified using the RNeasy Cleanup Kit 

(Qiagen, Hilden, Germany). Genomic DNA was purified using either DNeasy Blood and 

Tissue or QIAamp DNA Micro Kits (Qiagen).

2.3 | Whole exome sequencing and analysis pipeline

Three μg of genomic DNA from 11 cTCC tumours and three matched normal samples was 

fragmented by sonication for a mean fragment size of 300 bp. Fragments were prepared 

for sequencing and captured using the Canine SureSelect V1 capture kit (53.59 Mb, #5190–

5452, Agilent, Santa Clara, CA) based on the CanFam2.0 genome assembly. Sequencing 

was performed on an Illumina HiSeq 2500 (Illumina, San Diego, CA) generating 100 bp, 

paired-end reads.

FASTQ files were trimmed using Trimmomatic (v0.36).18 Reads were mapped to 

CanFam3.1 using BWA-MEM (v0.7.15).19 Duplicate reads were identified using the 

Picard (v1.119) tool MarkDuplicates. Base Quality Score Recalibration was performed on 

alignment files using the GATK (v4) tools BaseRecalibrator and ApplyBQSR in accordance 

with GATK best practices.20

Tumour and matched normal variants were called using Freebayes, with a min-alternate-

count of two and a min-alternate-fraction of 0.05. Raw variants for tumour and matched 

normal samples were filtered for a minimum depth (DP) of 10. Raw tumour variants were 
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further filtered for a minimum quality (QUAL) of one using SnpEff (v4.3t).21 Tumour 

variants were screened against both variants from an in-house panel of normals created from 

43 canine normal samples, including the three matched normals in this study (Table S1) 

and against previously identified canine germline variants from four external studies.22–25 

A list of 3340 somatic variants was obtained after removing variants with genotype 0/0. 

Annotation of these somatic variants was performed using the Ensembl Variant Effect 

Predictor (v99).26 Mutational burden was determined by dividing the number of somatic 

variants in a sample by the size of the Canine SureSelect capture in megabases (53.59 Mb).

2.4 | RNA-Seq analysis

RNA sequencing was performed on 11 cTCC tumour samples and three normal bladder 

samples obtained from healthy dogs. A poly(A) selected library was prepared using a 

Universal mRNA-Seq Library Preparation Kit (NuGEN Technologies, Inc., San Carlos, CA) 

and sequenced on an Illumina NovaSEQ 6000 generating 150 bp, pair-end reads.

Raw FASTQ reads were trimmed using Trimmomatic (v0.36)18 and mapped against the 

CanFam3.1 genome with Tophat (v2.1.0).27 Count data was determined using HTseq-Count 

(v0.11.4) and relative FPKM expression values were extracted using Cufflinks (v2.2.1).28,29 

Genes that are unexpressed or expressed at very low levels were removed by filtering for 

a minimum count of 10 in at least three samples, resulting in 17 225 expressed genes 

with Ensembl identifiers. Differentially expressed genes (DEGs) were identified using the 

‘DESeq2’ R package,30 requiring a Benjamini and Hochberg adjusted p-value cutoff of 

0.05 and a minimum log2 fold change of 2 (when comparing tumours to normal bladder 

samples) or 1 (when comparing between tumours). Heatmaps were generated in R using the 

‘ComplexHeatmap’ package.31

2.5 | Data availability

Raw FASTQ sequences from the WES and RNA-Seq analysis were submitted to NCBI’s 

SRA database.32 Sequence data for tumour and normal samples can be found under 

BioProject PRJNA616374 and PRJNA503860, respectively.

2.6 | Additional materials and methods

Additional methodology for Sanger sequencing, functional analyses using DAVID, gene set 

enrichment analysis (GSEA), gene set variation analysis (GSVA), and IHC can be found in 

the online Supporting Materials and Methods.

3 | RESULTS

3.1 | Mutation profile of cTCC

WES yielded an average of 58.3 million reads per tumour, ranging from 31.7 million (T-22) 

to 82.1 million (T-730) reads. The mean target coverage was 57X, which ranged from 

33X (T-22) to 87X (T-730) (Table S2). A total of 3340 somatic variants were identified 

among 11 cTCC tumours (Table S3). Mutational burden was less than 10 mutations per 

captured Mb for all samples, ranging from 1.9 to 7.9 mutations/Mb, with a mean of 5.7 

mutations/Mb (Figure 1(A)). C > T transitions were the most prevalent base alteration, 
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comprising 45% of single base substitutions, followed by T > C transitions (18%) and C > A 

transversions (15%) (Figure 1(B)). Eighty percent of somatic variants were single nucleotide 

polymorphisms (SNPs), while insertions and deletions made up 6% and 7% of somatic 

variants, respectively.

Somatic variants were filtered for protein-coding variants, including in-frame indels and 

missense, frameshift, and nonsense variants. A total of 583 protein-altering variants were 

identified, ranging from 6 (T-1025) to 86 (T-868) per sample (Figure 1(C), Figure S1, Table 

S4). Missense mutations comprised 92% of protein-coding variants (Figure 1(D)). DAVID 

functional annotation tool was used to identify enriched pathways and Gene Ontology 

(GO) terms among the list of protein-coding variants. The top enriched pathways include 

Axon guidance, Focal adhesion, and MAPK signalling. The top enriched GO Molecular 

Function and Biological Process terms were “ATP binding” and “negative regulation of 

neuron apoptosis”, respectively (Table S5).

3.2 | BRAF V596E variant identified in 70% of tumours

To identify potential drivers of oncogenesis, protein-coding variants were screened against 

the COSMIC Cancer Gene Census, identifying 42 variants in 32 cancer-related genes 

(Figure 2). BRAF, a kinase that plays a regulatory role in the MAPK signalling pathway, 

was mutated in 4 out of 11 samples (T-353, T-36, T-522, and T-22). BRAF variants 

were T > A substitutions resulting in V-to-E missense mutations at amino acid 588 

(ENSCAFT00000006305). This variant is homologous to the BRAFV600E oncogenic 

mutation identified in human melanoma, thyroid, and colorectal cancers.33,34 We previously 

used rapid amplification of cDNA ends to determine the entire sequence of canine BRAF, 

identifying the V-to-E mutation in cTCC cell lines at amino acid 596 (MN581672).35 Sanger 

sequencing of the 11 cTCC tumours identified BRAF mutations in eight samples including 

four tumours whose BRAF variants were not detected via WES (T-500, T-113, T-400, and 

T-730). Further examination of raw WES results confirmed the presence of BRAF variants 

in these samples at low frequencies. Sanger sequencing of a larger cohort of 32 FFPE cTCC 

samples identified the BRAFV596E mutation in 22 out of 32 samples (Table S6). Thus, the 

BRAFV596E variant was detected in 30 out of 43 cTCCs, indicating an overall prevalence 

of 70%.

Deleterious variants in the low-density lipoprotein receptor LRP1B were detected in three 

samples (T-353, T-500, T-868). Other cancer-related genes that were mutated in more than 

one sample encode the E3 ubiquitin ligases CUL3 (deleterious missense and frameshift) 

and RNF213 (tolerated missense) as well as the mismatch repair protein MSH2 (deleterious 

missense and frameshift). Mutations occurred more frequently in tumour suppressor genes 

than oncogenes. No cancer gene variants were detected in T-1025. No mutations were 

detected in TP53, MDM2, CDKN2A, FGFR3, PIK3CA, or HRAS, which are frequently 

altered genes in human muscle-invasive TCC.9

3.3 | Transcriptomic alterations in cTCC relative to normal bladder

RNA-Seq analysis was performed to assess the transcriptomes of 11 cTCC tumours and 

three normal bladder samples (Table 1). An average of 102 million reads were sequenced 
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per sample, with a range of 80 million (T-22) to 123 million (T-730) reads per sample 

(Table S7). Principal component analysis resulted in a clear separation between tumours 

and normal bladder samples (Figure 3(A)). BRAF mutant tumours clustered separately from 

BRAF wild type tumours. Differential gene expression analysis identified 1219 and 1347 

genes up- and down-regulated in tumour relative to normal tissue, respectively (Figure 3(B), 

Table S8). Functional analysis of up-regulated DEGs revealed enrichment of cell cycle-

related processes as well as DNA repair and immune system processes (Table 2). Many 

of the immune terms were related to antiviral immunity. Genes down-regulated in tumours 

relative to normal bladder samples were associated with extracellular matrix organization, 

cell adhesion molecules, muscle-related terms, and second messenger signalling (Table 2).

Gene expression data was further analysed using GSEA to identify enrichment of MSigDB 

hallmark gene sets in cTCC tumours relative to normal bladder samples. GSEA identified 

significant enrichment of gene sets related to cell growth and proliferation in cTCC tumours: 

E2F Targets, G2M Checkpoint, Mitotic Spindle, and MTORC1 Signalling (Figure 3(C),(D)). 

Additionally, tumour samples exhibited enrichment of Interferon Alpha (IFN-α) Response, 

Oxidative Phosphorylation, and DNA Repair gene sets. Twelve hallmark gene sets were 

enriched in normal samples, including Epithelial Mesenchymal Transition (EMT), TNF-α 
signalling via NFKB, myogenesis, and angiogenesis (Figure 3(C),(D)). We also specifically 

focused on genes whose copy number or mRNA expression is frequently altered in human 

muscle-invasive TCC (TP53, MDM2, RB1, CDKN2A, E2F3, FGFR3, and PPARG).9 Of 

these genes, only FGFR3 was identified as a DEG between cTCC and normal bladder (5.4-

fold upregulated). However, one tumour (T-868) exhibited dramatically increased expression 

of MDM2 relative to normal bladder (19-fold), suggesting loss of p53 activity in this 

tumour.

GSEA was also used to compare the gene expression profiles of BRAF mutant and wild type 

tumours. BRAF mutant tumours showed significant enrichment of the hallmark gene sets 

E2F Targets and Myogenesis; whereas, wild type tumours showed significant enrichment 

of IFN-α and -γ Response gene sets as well as Hedgehog Signalling (Figure S2). We also 

analysed MAPK pathway activity among the tumours since 8 out of 11 harbour BRAF 

mutations. The MAPK Pathway Activation Score (MPAS) is a gene signature quantifying 

relative MAPK activity based on expression levels of 10 downstream targets of the MAPK 

pathway and correlates with sensitivity to MAPK inhibitors in both cell lines and patients.36 

The MPAS has previously been applied to a panel of canine cancer cell lines and TCC 

cell lines exhibited the highest MPAS values relative to other cancer types.35 In this study, 

all three normal samples and the three BRAF wild type samples had negative MPAS 

values (Figure S3). Only three of the BRAF mutant tumours had positive MPAS values, 

possibly indicating sensitivity to MAPK pathway inhibitors. T-353, a BRAF mutant tumour, 

exhibited extremely high MAPK pathway activation relative to the other tumour samples.

Molecular subtypes have been identified in both human and canine muscle-invasive 

TCC.16,17,37 cTCC tumours were clustered using a gene signature described by Dhawan 

et al. that is reported to separate cTCC into basal and luminal subtypes, which yielded 

two distinct clusters (Figure S4). One cluster, comprised of two BRAF mutant tumours, 

exhibited high expression of basal gene markers such as CAV1, MMP9, and VIM. The 
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remaining nine tumours exhibited increased expression of luminal markers including 

PPARG, UPK3A, and ERBB2.

3.4 | Identification of an immunologically hot subset of cTCC

Several immune-related, antiviral genes were up-regulated in cTCC tumours relative to 

normal bladder samples. Additionally, the IFN-α Response gene set was significantly 

enriched in cTCC tumours relative to normal bladder. We performed hierarchical clustering 

of tumour and normal samples based on expression of genes within this gene set and a 

subset of five tumours with high expression of IFN-α response genes clustered separately 

from the other tumours and normal bladder samples (Figure 4(A), Figure S5). To determine 

whether this subset of tumours exhibits an immunologically hot tumour microenvironment, 

we used GSVA to analyse the relative enrichment of gene sets representing specific immune 

cell types and processes described by Rooney et al (Table S9).38 We chose to employ 

GSVA since this method determines relative enrichment scores for each sample in an 

unsupervised manner. Clustering of tumours based on their GSVA scores resulted in two 

distinct clusters representing immunologically hot (T-1025, T-36, T-500, T-730) and cold 

tumours, termed “TME-Hot” and “TME-Cold”, respectively (Figure 4(B)). T-868, which has 

high expression of IFN-α response genes, clustered with the TME-Cold tumours. TME-Hot 

tumours exhibited significant enrichment of gene sets representing cytolytic activity, CD8+ 

T cells, plasmacytoid dendritic cells (pDCs), co-stimulatory and co-inhibitory receptor 

expression by antigen presenting cells (APCs) and T cells, major histocompatibility complex 

(MHC) class I expression, CD4+ regulatory T cells (Tregs), and type I IFN response (Figure 

4(B)).

IHC analysis was performed to quantify T cell abundance in cTCC tumours. CD3+ T cell 

counts were variable, ranging from 1 to 415 cells/mm2 (Figure S6). Though not statistically 

different, several TME-Hot tumours had higher T cell infiltration than any of the TME-Low 

tumours (Figure 4(C), top). Despite exhibiting an immunologically hot gene expression 

signature, T-730 had very little T cell infiltration. TME-Hot tumours did, however, exhibit 

significantly higher CD3E mRNA expression (Figure 4(C), bottom), which was highly 

correlated with CD3 IHC staining (p < 0.001, R2 = 0.86). Tumours with high CD3 staining 

showed enrichment of the immune-related hallmarks gene sets IFN-α Response, IFN-γ 
Response, and Allograft Rejection, as well as the cell cycle-related gene sets E2F Targets 

and G2M Checkpoint (Figure S7). Tumours with low CD3+ staining exhibited enrichment of 

hallmark gene sets for TNF-α Signalling via NFKB, TGF-β Signalling, and Hypoxia.

We also stained for MAC387 expression as a means of quantifying myeloid cells (Figure 

S6). MAC387+ cell counts ranged from 3 to 614 cell/mm2 and did not correlate with CD3+ 

T cell counts (p = 0.24, R2 = 0.15) or with S100A9 mRNA expression (p = 0.44, R2 = 0.07). 

This discrepancy between the IHC and gene expression data could be explained by tumour 

heterogeneity, lack of specificity of the antigen as a cell marker, or subsequent regulatory 

processes.
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3.5 | TME-Hot cTCCs exhibit high expression of genomic biomarkers of response to 
PD-1/PD-L1 inhibition in human bladder cancer

Immune checkpoint inhibitors targeting PD-1 and PD-L1 have shown efficacy in a subset 

of human bladder cancer patients.39,40 A CD8+ T-effector gene signature (CD8 Teff) has 

been identified as a genomic indicator of response to the PD-L1 inhibitor atezolizumab in 

bladder cancer patients enrolled in the phase 2 IMvigor210 clinical trial.41,42 Additionally, 

Mariathasan et al. generated a pan-fibroblast TGF-β response signature (F-TBRS) that was 

associated with lack of response.41 We applied these human-derived gene signatures to 

the canine TCC dataset in this study, generating relative CD8 Teff and F-TBRS scores for 

each sample using GSVA (Table S9). Clustering of tumours based on their CD8+ Teff and 

F-TBRS scores resulted in a clear separation between TME-Hot and TME-Cold tumours 

(Figure 4 (D)). TME-Hot tumours exhibited significantly higher CD8+ Teff scores relative to 

TME-Cold tumours (Figure 4(E)). Three tumours, all of which are TME-Cold and harbour 

BRAF mutations, exhibited high F-TBRS scores (T-353, T-22, T-400), suggestive of TGF-β 
signalling by cancer-associated fibroblasts.41 Two out of these three tumours (T-353 and 

T-22) were the basal tumours identified in Supporting Figure S4.

We next evaluated an IFN-γ-related gene signature associated with complete response to the 

PD-1 inhibitor pembrolizumab in the neoadjuvant setting.43,44 Indeed, TME-Hot tumours 

exhibited significantly higher IFN-γ scores relative to TME-Cold tumours (Figure 4(F)). 

High tumour mutation burden (TMB) has also been identified as a correlate of response 

to PD-1/PD-L1 blockade in several human cancers, including bladder.42 Notably, we did 

not detect a difference in TMB between TME-Hot and TME-Cold tumours (Figure 4(F)). 

Overall, these results suggest that the TME-Hot cTCC tumours identified in this study 

represent a subset of canine bladder cancer patients that may achieve clinical benefit from 

checkpoint inhibitors targeting the PD-1/PD-L1 axis.

4 | DISCUSSION

Canine cancers have become increasingly established as valuable models for human cancer. 

Oncology clinical trials in dogs serve to evaluate novel anticancer strategies with the goal 

of advancing treatment for both canines and humans.3,4 Our genomic characterization of 

cTCC contributes to the growing body of evidence supporting the comparative relevancy of 

the disease. We identify novel and previously described drivers of oncogenesis as well as 

putative therapeutic targets. Additionally, a subset of cTCC tumours in this study exhibited 

an inflamed tumour microenvironment with high expression of genomic biomarkers of 

response to checkpoint inhibition in human bladder cancer.

The mutation profile of the cTCC tumours analysed in this study was similar to that of 

human muscle-invasive TCC. cTCC tumours exhibited a mean somatic mutation rate of 

5.7 mutations/Mb, similar to 7.7 mutations/Mb reported in human bladder cancer.45 C > 

T transitions were the most common single base substitution, consistent with frequencies 

observed in human cancers, including TCC.9,46 The most common protein-coding variant 

identified in this study was a BRAF V-to-E missense mutation homologous to the V600E 

driving variant frequently observed in human cancer.33,34 BRAF variants were detected 

in this study at an overall prevalence of 70%, consistent with other studies of canine 
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bladder cancer.11,12 Several small molecule inhibitors targeting mutant BRAF, as well as 

BRAF’s downstream target MEK1/2, have been approved for BRAF mutant human cancers; 

however, intrinsic and acquired drug resistance pose major roadblocks to treatment.47 We 

previously found that BRAF mutant cTCC cell lines are sensitive to the “paradox-breaking” 

BRAF inhibitor PLX7904 and the MEK inhibitor trametinib.35 However, MAPK pathway 

reactivation was observed is most cell lines following treatment, suggesting cTCC may serve 

as a model for interrogating combination therapies that circumvent resistance to MAPK 

pathway inhibition.35 Parker et al. recently determined genes and pathways differentially 

enriched in BRAF mutant versus BRAF wild type cTCC, identifying enrichment of cell 

cycle/cell death pathways in BRAF mutant cTCC and enrichment of immune-related gene 

sets in BRAF wild type cTCC.48 Similarly, we observed enrichment of E2F target genes in 

BRAF mutant tumours and enrichment of IFN-α and IFN-γ response gene sets in BRAF 

wild type tumours.

In total, 36 mutated genes identified in this study were previously identified in other 

genomic analyses of cTCC. Nine of these genes are present in the COSMIC Cancer Gene 

Census (BRAF, LRP1B, BRCA2, FAT1, PDGFRB, KMT2D, FLNA, ARHGEF12, and 

AFF1), potentially validating the importance of these alterations in cTCC pathogenesis.11,49 

Deleterious missense mutations in LRP1B were detected in three tumours analysed in this 

study as well as one tumour analysed by Ramsey et al.49 LRP1B is a member of the LDL 

receptor family, and its inactivation has been observed in a number of human cancers, 

including bladder, where it is predicted to act as a tumour suppressor.50,51 Shapiro et al. 

identified deletions in a region on chromosome 19 containing LRP1B (corresponding to 

chromosome 13 in humans) as a common copy number aberration in canine bladder cancer 

that is conserved in human bladder cancer.52 Together, these results suggest that inactivation 

of LRP1B may be an important feature of cTCC oncogenesis.

Our transcriptomic analysis identified 2566 differentially expressed genes between cTCC 

and normal bladder tissue, of which 1561 (61%) were identified in at least one prior 

RNA-Seq analysis of canine bladder cancer.14,48,49 Functional analysis of up-regulated 

DEGs identified in this study revealed enrichment of cell cycle, DNA repair, and immune-

related genes in cTCC tumours. Whereas, genes down-regulated in cTCC were related to 

focal adhesion, myogenesis, and second messenger signalling. Ramsey et al. performed a 

comparative analysis of the transcriptomes of canine and human bladder cancer, finding a 

high level of similarity between the two; whereby, both species exhibit up-regulation of cell 

cycle and DNA repair machinery and down-regulation of cytoskeletal, cell adhesion, and 

muscle-related genes.49

Activation of ErbB signalling has been previously reported in cTCC.13,14,48 Here, we 

identified up-regulation of ERBB2 and ERBB3 by 6- and 7-fold, respectively, in cTCC 

tumours relative to normal bladder (Table S8). Up-regulation of these genes was also 

observed in the transcriptomic analyses by Parker et al. and Ramsey et al. ERBB2’s gene 

product, HER2, is overexpressed in more than half of cTCC tumours.13 Additionally, EGFR 

and ERBB2 are predicted upstream regulators of overexpressed genes in canine bladder 

cancer.14 We previously identified up-regulation of EGFR and ERBB2 expression in cTCC 

cell lines relative to other canine cancer cell lines and demonstrated synergism between 
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combined ErbB receptor inhibition and BRAF or MEK inhibition.35 Activation of the ErbB 

family of receptors is also common in human muscle-invasive bladder cancer, specifically 

via mutations in ERBB2/ERBB3 and amplification of EGFR/ERBB2.45

Immune checkpoint inhibitors targeting PD-1 and PD-L1 have been effective in 

approximately one-quarter of human bladder cancer patients.39,40 One of the major 

challenges to cancer immunotherapy has been the lack of pre-clinical models that adequately 

recapitulate the natural process of immunoediting that occurs during tumour development. 

Canine clinical trials provide the opportunity to evaluate novel immunotherapies in 

spontaneous tumours in the presence of an intact immune system. A recent study analysed 

PD-L1 expression across various canine malignant cancers using an antibody with high 

sensitivity for canine PD-L1 and observed high PD-L1 expression (tumour proportion score 

of 50% or greater) in 20 out of 20 cTCC samples.53

Four out of 11 cTCC tumours analysed in this study exhibited characteristics of a hot 

tumour microenvironment (TME-Hot) with high expression of gene markers for CD8+ T 

cells, pDCs, co-inhibitory/co-stimulatory receptor expression by T cells and APCs, cytolytic 

activity, MHC class I expression, and type I IFN response. Mariathasan et al. analysed 

pre-treatment tumour samples from human metastatic bladder cancer patients treated with 

the PD-L1 inhibitor atezolizumab, identifying PD-L1 expression on immune cells, high 

TMB, and a CD8 Teff signature as biomarkers of complete response.41 This group also 

derived a signature representing TGF-β signalling by fibroblasts (F-TBRS), which was 

associated with lack of response. Powles et al. evaluated similar biomarkers of response 

to atezolizumab as a neoadjuvant therapy for human bladder cancer, identifying CD8 Teff 

and F-TBRS signatures as indicators of response and resistance, respectively.54 Neither 

PD-L1 expression nor TMB correlated with response in the neoadjuvent setting. The 

TME-Hot cTCC tumours in this study exhibited strong expression of the CD8 Teff gene 

signature, as well as a similar IFN-γ gene signature associated with complete response 

to the PD-1 inhibitor pembrolizumab.43,44 These results suggest that TME-Hot tumours 

exhibit pre-existing CD8+ T cell immunity and may represent a subset of cTCC that 

would be responsive to checkpoint inhibitor therapy. Three TME-Cold tumours exhibited 

high expression of the F-TBRS signature, consistent with immunosuppressive TGF-β 
signalling.41

Additionally, three out of four TME-Hot tumours harbour BRAF mutations. BRAF 

inhibition in human melanoma increases antigen expression, promotes CD8+ lymphocyte 

infiltration and function, and decreases expression of immunosuppressive cytokines.55–57 

Acquired resistance to BRAF inhibition is often accompanied by loss of antigen expression 

and CD8+ T cell infiltration, but can be partially reversed with the addition of a MEK 

inhibitor.56,57 Combining BRAF and/or MEK inhibitors with checkpoint inhibitors has 

been explored in BRAF mutant melanoma; however, toxicity remains a challenge. A triple 

combination of BRAF, MEK, and PD-1 inhibition causes increased toxicity relative to 

either BRAF/MEK combined inhibition or PD-1 blockade alone.58,59 However, this triple 

combination resulted in increased progression free survival and duration of response relative 

to combined BRAF/MEK inhibition in a phase II study.59 Genomic analysis of pre- and 

post-treatment biopsies of patients receiving the triple combination revealed increased 
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expression of CD8 and MHC Class I and II molecules following treatment, as well as 

increased expression of the same IFN-γ gene signature used in this study, suggesting an 

enhanced antitumor immune response.44,58 The prevalence of BRAF mutations in cTCC 

provides the unique opportunity to evaluate novel strategies combining checkpoint inhibition 

with BRAF and/or MEK inhibition. Overall, this study emphasizes the importance of 

conducting clinical trials for dogs with TCC, where the evaluation of immunotherapies alone 

and in combination with MAPK-targeted therapies may benefit canines as well as humans.
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FIGURE 1. 
Mutation profile of canine transitional cell carcinoma (cTCC). (A) Mutational burden 

shown as somatic mutations per captured megabase. (B) Relative abundance of single base 

substitutions for somatic variants. (C) Number of protein-coding variants per sample. (D) 

Relative abundance of protein coding variants
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FIGURE 2. 
Oncoplot of cancer variants. Oncoplot depicting protein-coding variants in genes present 

in COSMIC’s Cancer Gene Census (v90). Colours on the oncoplot represent the type of 

variant. Missense variants with SIFT <0.05 are considered deleterious. BRAF variants that 

were detected via Sanger sequencing, but at allelic frequencies lower than WES detection 

limits, are shown as circles. Colours next to gene names represent a gene’s designation in the 

Cancer Gene Census
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FIGURE 3. 
RNA-Seq analysis of canine transitional cell carcinoma (cTCC) tumours and normal 

bladder. (A) Principal component analysis of normalized gene counts. (B) 1219 and 1347 

genes up-(red) and down-regulated (blue) in TCC tumour relative to normal bladder (logFC 

>2 and adj. p < 0.05). (C) Gene sets significantly enriched in tumour and normal (FDR 

q-val < 0.05). (D) Gene set enrichment analysis (GSEA) enrichment plots for significantly 

enriched gene sets
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FIGURE 4. 
Identification of an immunologically hot subset of canine transitional cell carcinoma (cTCC) 

tumours associated with genomic indicators of response to PD-1/PD-L1 blockade in human 

bladder cancer. (A) Hierarchical clustering of cTCC tumours and normal bladder based on 

expression of genes present in the IFN-α Response Hallmark gene set. Colours on the heat 

map represent log2-FPKM expression values. See Figure S5 for the complete heatmap with 

gene names. (B) Heatmap of GSVA scores for gene sets representing immune cell types and 

processes described by Rooney et al. Significantly enriched gene sets were determined using 

linear models and moderated t tests implemented in the ‘limma’ R package. p values are 

represented in purple on the right. (C) CD3 immunohistochemical (IHC) (top) and CD3E 

mRNA expression (bottom) in tumour microenvironment (TME)-Hot versus TME-Cold 

tumours compared using the Mann Whitney test. (D) Heatmap representing cTCC GSVA 

scores for CD8 Teff and F-TBRS gene signatures associated with good and bad responses to 
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PD-L1 blockade in human bladder cancer, respectively. (E) CD8 Teff (left) and (F) IFN-λ 
(right) GSVA scores in HME-Hot versus TME-Cold tumours. Statistical significance was 

determined same as in panel B. (G) Tumour mutation burden in TME-Hot versus TME-Cold 

tumours compared using the Mann Whitney test
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