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Abstract 

Background:  In humans, muscle-invasive bladder cancer (MIBC) is highly aggressive 
and associated with a poor prognosis. With a high mutation load and large number 
of altered genes, strategies to delineate key driver events are necessary. Dogs and cats 
develop urothelial carcinoma (UC) with histological and clinical similarities to human 
MIBC. Cattle that graze on bracken fern also develop UC, associated with exposure 
to the carcinogen ptaquiloside. These species may represent relevant animal models 
of spontaneous and carcinogen-induced UC that can provide insight into human MIBC.

Results:  Whole-exome sequencing of domestic canine (n = 87) and feline (n = 23) UC, 
and comparative analysis with human MIBC reveals a lower mutation rate in animal 
cases and the absence of APOBEC mutational signatures. A convergence of driver 
genes (ARID1A, KDM6A, TP53, FAT1, and NRAS) is discovered, along with common focally 
amplified and deleted genes involved in regulation of the cell cycle and chromatin 
remodelling. We identify mismatch repair deficiency in a subset of canine and feline 
UCs with biallelic inactivation of MSH2. Bovine UC (n = 8) is distinctly different; we 
identify novel mutational signatures which are recapitulated in vitro in human urinary 
bladder UC cells treated with bracken fern extracts or purified ptaquiloside.

Conclusion:  Canine and feline urinary bladder UC represent relevant models of MIBC 
in humans, and cross-species analysis can identify evolutionarily conserved driver 
genes. We characterize mutational signatures in bovine UC associated with bracken 
fern and ptaquiloside exposure, a human-linked cancer exposure. Our work 
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demonstrates the relevance of cross-species comparative analysis in understanding 
both human and animal UC.

Keywords:  Canine, Feline, Bovine, Urinary bladder, Cancer, Mutational signature, 
Bracken, Ptaquiloside, Pteridium aquilinum, Cross-species comparison

Background
The incidence of urinary bladder cancer (UBC) in humans varies significantly between 
countries, largely due to the differential exposure to established risk factors such as 
smoking, arsenic in drinking water, and chemical carcinogens (such as aromatic amines) 
from occupational exposures, and endemic chronic urinary infections with Schistosoma 
[1]. In the USA, UBC remains the fourth most common cancer in men and is predicted 
to account for 4% of all cancer deaths in 2022 [2]. In the USA, UK, and Europe, > 90% of 
UBC cases are urothelial carcinoma (UC; formerly known as transitional cell carcinoma, 
TCC). At the time of diagnosis, approximately 25% of UCs are muscle-invasive (MIBC); 
highly aggressive tumors that are considered high risk due to their propensity for rapid 
growth and metastasis. Platinum-based neoadjuvant chemotherapy followed by radical 
cystectomy with lymph node dissection is recommended. However, this is not always 
possible and the 5-year survival rate is only 38% if the tumor has spread to the surround-
ing tissues or regional lymph nodes (6% if there are distant metastases) [2]. Despite pro-
gress being made with treatment options, such as immune checkpoint inhibitors which 
are currently being offered in clinical trials [3–5], prognosis remains poor [6, 7].

While both chemical carcinogen-induced and genetically engineered mouse models of 
MIBC [8, 9] share some histological and molecular similarities to human MIBC, sponta-
neously occurring urinary bladder UC in pet dogs and cats may offer distinct advantages 
as models of MIBC. Dogs and cats represent a genetically heterogeneous population 
sharing the same co-morbidities and environment as humans [10–13], and UC is their 
most common type of UBC. Additionally, most urinary bladder UCs in dogs and cats are 
also high-grade and invasive, with a high propensity for both recurrence and metasta-
sis [14]. In some countries, there is a high prevalence of UBC in cattle associated with 
chronic ingestion of bracken fern (BF; Pteridium aquilinum (L.) Kuhn) [15], which con-
tains several toxic components including the carcinogen ptaquiloside (PT) [16]. UC is the 
most common type of urinary bladder wall lesion in these cattle [17] and, thus, cattle that 
have consumed BF may represent an animal model of carcinogen-induced UC. Further 
relevance for this model comes from the fact that humans can be exposed to PT from 
spore inhalation, consumption of milk from BF-fed cattle [18, 19], and the groundwater 
from regions where BF grows [20]. Additionally, BF used by humans either as a food or 
traditional medicine, has recently been shown to contain detectable levels of PT [21].

Here, we have sequenced the exomes of canine, feline, and bovine UC and matched 
normal tissue and profiled somatic mutations and copy number alterations. Sequencing 
of matched normal tissue also allowed us to search for germline variants that may pre-
dispose to UC. We performed a comparative cross-species analysis with human MIBC 
and identified important differences between the animal models and human UC, while 
the commonalities between the species enabled us to refine the list of candidate driver 
genes previously identified in human MIBC.
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Results
Whole‑exome sequencing of urinary bladder UC in dogs, cats, and cows

We performed whole-exome sequencing (WES) of tumor and matched normal tissue on 
the largest cohort of canine UC tumor-normal matched samples to date (n = 87 cases; 
29 males and 58 females, representing 36 different pure and mixed breeds), and the 
first cohort of feline UC (n = 23 cases; 14 males and 9 females, representing 6 differ-
ent breeds) and bovine UC samples (n = 8 cases from 7 females that had been grazing 
in pastures where BF grow; one cow having 2 independent lesions). The samples were 
collected from multiple institutions (n = 25) across different countries (n = 17), so as to 
minimize ascertainment bias and account for geographical differences. A summary of 
cases from these three species, their geographic location and signalment data is pro-
vided in Additional file  1: Table  S1. For each cohort, we profiled somatic mutations, 
somatic copy number alterations (SCNA), germline variants, and mutational signatures 
and performed a comparative analysis with a previously published cohort of 412 WES 
human MIBC samples collected from 36 institutions across 6 countries [22]). Examples 
of UC tumor pathology from canine, feline, bovine, and human UC cases are shown in 
Additional file 2: Fig. S1.

Cross‑species comparison of frequently mutated genes

To gain an overview of the somatic mutational landscape in the exomes of UC across 
species, we identified somatic single-nucleotide variants (SNVs), multi-nucleotide 
variants (MNVs), and small insertions/deletions (indels), present in canine, feline, and 
bovine UC cases (Additional File 3: Table S2, Additional File 4: Table S3 and Additional 
File 5: Table S4, respectively) and compared these catalogs of mutations to those found 
in human UC, revealing both notable similarities and differences between the spe-
cies. With a median of 5.5 mutations/Mb, human MIBC has one of the highest somatic 
mutation rates [23], with levels similar to that seen in non-small cell lung cancer and 
melanoma [24]. Lower somatic mutation rates were seen in canine UC (median 1.0 
mutations/Mb; 0.94 SNV or MNV/Mb and 0.074 indels/Mb) and feline UC (median 1.1 
mutations/Mb; 0.96 SNV or MNV/Mb and 0.18 indels/Mb); however, bovine UC had 
significantly higher rates (median 65 mutations/Mb; 51 SNV or MNV/Mb and 11 indels/
Mb), reflecting exposure to a strong environmental mutagen. The high mutation rate in 
the bovine samples convolutes any exome-wide comparisons with the other 3 species, as 
a large proportion of genes have passenger mutations, and thus, only cross-species com-
parisons between human, canine, and feline UC were made.

In contrast to human MIBC, in which BRAF is mutated in 2.7% of cases [22], the 
most commonly mutated gene in canine UC (53/87, 61%) was BRAF, as reported pre-
viously [25–28] (Fig.  1a). These cases harbored the equivalent of the human BRAF 
p.V600E hotspot mutation, BRAF p.V588E (relative to the canonical transcript 
ENSCAFT00000006305.5; also known as p.V595E). There is a strong breed-associated 
predisposition of urinary bladder UC in dogs; for example, Scottish Terriers and West 
Highland White Terriers have increased risk, although heritable risk factors have 
not yet been identified [29, 30]. Within our canine cohort, we found that the somatic 
mutation of BRAF was significantly higher (p = 0.0313, chi-squared test) in terrier 
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breeds (19/24) compared to non-terriers (34/63). Using the DISCOVER algorithm 
[31], we did not find any mutually exclusive or co-occurring mutated genes in the 
whole cohort or when comparing tumors with mutated and wildtype BRAF, which 
suggests that there are no differences in the driver gene landscape between these 
tumors. Recent WES of canine urine sediments with no detectable BRAF V595E (as 
determined by ddPCR) identified 46% of samples harboring short in-frame deletions 
within exon 12 of BRAF (7/28 cases) or exons 2/3 of MAP2K1 (6/28 cases) [32]. The 
authors proposed these genetic alterations as alternative MAPK-pathway activating 
events. In our cohort, we had 2/87 samples with short in-frame deletions in exon 2 of 
MAP2K1 (both of which did not carry the BRAF V595E mutation); however, we did 
not find any samples showing in-frame deletions within exon 12 of BRAF, consistent 
with a previous WES canine bladder UC study [28].

In contrast to canine UC, exome sequencing of the first feline UC cohort to date 
revealed similarity to human MIBC, as the most frequently mutated gene was TP53 
(14/23, 61%). Notably, the majority of these mutations were loss-of-function muta-
tions (Fig. 2a). No mutually exclusive or co-occurring mutated genes were found in 
the feline UC cohort.

In the bovine UC cohort, all cases had mutations in CSMD3, LRP1B, and ROS1. Inter-
estingly, cow BTAUD0031 had two independent primary UC lesions (BTAUD0031a and 
BTAUD0031c) and the only mutation they shared was in the putative tumor suppressor 
LRP1B (p.S2686P), implicating this as a driver mutation in the tumors from this cow. 
HRAS activation has previously been suggested to represent an early event of the PT 
carcinogenesis model [33, 34]; however, only one sample (BTAUD0031c) had a mutation 
in HRAS (p.G12D, which is homologous to human HRAS p.G12D) and we did not find 
any non-silent mutations in KRAS or NRAS, which suggests that RAS oncogenes are not 
frequent drivers of BF-induced carcinogenesis.

Fig. 1  Somatic mutational landscape of canine urinary bladder UC. a Somatic mutations in genes mutated 
in five or more samples. Asterisk indicates significantly mutated gene (SMG); GPRASP1 is also a SMG but is 
not shown, as it is mutated in 2 samples. A summary of the canine cases analyzed in this study is provided 
in Additional File 1: Table S1a and a full list of variants is provided in Additional File 3: Table S2. b Single 
base substitution (SBS) observed mutational spectra and reconstructed spectra for samples DD0194a and 
DD0355a. Mutational signatures SBS1 and SBS6 were found in both samples as well as SBS21 in sample 
DD0194a. The reconstructed mutational spectra based on these signatures have cosine similarity > 0.93 when 
compared to the observed spectra
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Comparing canine and feline UC, the exome-wide somatic mutational profiles from 
these species shared only 5 recurrently mutated genes (defined as genes mutated in ≥ 5% 
of samples in both species): ZFHX4, FSIP2, USH2A, LRP1B, and XIRP2 (Additional 
file  6: Fig. S2a). There was also little overlap when comparing COSMIC Cancer Gene 
Census (CGC) genes that have a one-to-one orthologous relationship with both a dog 
and a cat gene (Fig.  3a). Only LRP1B was among the top 5 recurrently mutated CGC 
genes in both canine and feline UC, with canine UC mainly characterized by mutations 
in BRAF, LRP1B, CSMD3, and ARID1A, and feline UC by mutations in TP53, LRP1B, 
and FAT1 (Fig.  3a). Similarly, with the exception of TP53 in feline UC, the most fre-
quently mutated genes in human MIBC are not mutated at similar proportions in feline 
or canine UC (Additional file 6: Fig. S2b), possibly due to the higher mutation rates in 
human MIBC.

Cross‑species comparison of significantly mutated genes identifies common driver genes 

in human MIBC and animal UC

We next identified significantly mutated genes (SMGs) in each species and compared 
them to those previously identified in human MIBC. In canine UC, we identified 9 signifi-
cantly mutated genes (BRAF, CSMD3, CDH12, ARID1A, PCDH17, KMD6A, ZNF804B, 
PCDH9, and GPRASP1; Additional file  7: Table  S5). There was no overlap with the 9 
SMGs found in feline UC (TP53, BAP1, FAT1, PBRM1, LRP1B, SETD2, NRAS, CDKN2A, 
and JAK1; Additional file  8: Table  S6). In bovine UC cases, with 4–16% (median 11%) 
of the exome affected by protein-altering mutations, candidate driver gene analysis was 

Fig. 2  Somatic mutational landscape of feline urinary bladder UC. a Somatic mutations in genes mutated 
in three or more samples. Asterisk indicates significantly mutated gene (SMG). A summary of feline cases 
analyzed in this study is provided in Additional File 1: Table S1b and a list of all variants is provided in 
Additional File 4: Table S3. b Single base pair (SBS) mutational spectrum for sample CATD0037a (upper 
panel). The activities of mutational signatures SBS1, SBS6, SBS20, and SBS21 are shown in the reconstructed 
mutational spectrum (lower panel). c Indel mutational spectrum for sample CATD0037a, showing a 
prevalence of single base pair deletions in homopolymer regions. d Penetrance plot showing somatic copy 
number gains and losses 5 Mb or larger in 1-Mb windows along each chromosome. Only samples with 
sufficient quality, based on manual inspection of Sequenza plots, are represented (n = 21; see ‘‘Methods’’)
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Fig. 3  Comparative mutational landscape of human, canine, and feline urinary bladder UC. a The proportion 
of human MIBC cases [22] (n = 412) with somatic mutations in COSMIC Cancer Gene Census genes that have 
a one-to-one orthologous relationship with both a canine and a feline gene. Shown are mutations present 
in 4 or more canine or feline samples, which are prefixed with DD and CATD, respectively. Also shown are 
canine samples with MDM2 amplification, which is shown in the same row as TP53 mutations, to enable 
visual comparison with feline and human TP53 mutations. CDKN2A has not been included, as, although the 
feline cohort had 4 samples with CDKN2A mutations, Ensembl does not classify the human and feline genes 
as orthologs, and, in canines, human CDKN2B is designated an ortholog of canine CDKN2A. b Circos plot 
displaying genomic regions with recurrent somatic copy number alterations in human, feline, and canine 
UC. Chromosomes are represented by the outer track. Data for human chromosome X was not available. The 
histogram (inner track) shows the frequencies of copy number gains (purple, blue, and green) and losses 
(orange, red, and yellow) in human, canine, and feline, respectively. Links between chromosomes show 
syntenic regions within recurrently amplified/deleted chromosomes (feline and canine) or chromosome arms 
(human). Red links represent deletions and purple links represent amplifications. Genes shown in orange 
and purple text are in syntenic regions in chromosomes or chromosome arms that were recurrently deleted 
or amplified, respectively, in all 3 species. Genes in red and blue text are genes that were focally amplified or 
deleted in 2 or more species. ARHGEF10 is the only gene focally deleted in all 3 species. Shown in black text 
are other genes of interest
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difficult. For example, when considering one-to-one orthologs of COSMIC CGC genes 
[35], we found 13 genes with one or more mutations in 6 or more samples (Fig. 4), and 54 
genes were commonly mutated in at least half of the samples (Additional file 9: Fig. S3), 
indicating a high background mutation rate. Due to this limitation, and the small cohort 
size, no significantly mutated genes could be conclusively identified (see ‘‘Methods’’).

Comparison of SMGs found in canine and feline UC to those found in human MIBC 
revealed similarities that can guide refinement and prioritization of candidate gene 
lists in human UC. Robertson et al. [22] identified 58 SMGs in human MIBC. Of these, 
ARID1A and KDM6A are SMGs in canine UC, and TP53, FAT1, and NRAS and SMGs 
in feline UC, which indicated that these are key UC driver genes across species. In the 
bovine UC cohort, although the small sample size and high mutation rate prevented 
identification of SMGs, it is worth noting that ARID1A and FAT1 were also mutated in 
6/8 (75%) samples. In addition, CSMD3 and LRP1B, which were identified as SMGs in 
canine and feline UC, respectively, were mutated in all eight bovine UC samples.

Mismatch repair deficiency in canine and feline UC

A proportion of human MIBC patients (1.1–7.7%) show mismatch repair (MMR) defi-
ciency [36–39]; thus, we searched for evidence of MMR deficiency in canine and feline 
UC. A recent study using immunohistochemistry of MMR proteins (MSH2, MSH6, 
and MLH1) found no loss of immunolabeling in ≥ 1 MMR proteins in canine UC; how-
ever, only 15 samples were examined [40]. In this study, in dog DD0355, we identified a 
somatic frameshift insertion and a germline frameshift deletion in MSH2 (p.T234Yfs*22 
and p.R1076X, respectively). In tumor sample DD0194a from another dog, we can 

Fig. 4  Recurrently mutated Cancer Gene Census (CGC) genes in bovine urinary bladder UC. Shown are 
COSMIC CGC genes mutated in at least 6 bovine UC cases (left), and the proportions of human UC cases 
[22] with mutations in these genes (right). Genes shown are those that had a one-to-one orthologous 
relationship between the human and bovine gene
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predict that there has been biallelic somatic inactivation of MSH2, through frameshift 
mutation and loss of heterozygosity, as the allele frequency (AF) of the frameshift was 
0.87 and this and 4 other upstream mutations have an AF of between 0.89 and 0.96 and 
fall near or within a predicted > 1 Mb deletion. Using SigFit [41] to fit known COSMIC 
mutational signatures [42], we identified single base substitution signatures SBS1 and 
SBS6 in the tumors of both of these dogs, and SBS21 in DD0194a (Fig. 1b); while SBS1 is 
found in most cancers and normal cells [43], SBS6 and SBS21 are associated with defec-
tive mismatch repair (dMMR) and microsatellite instability (MSI) [42, 44]. Additionally, 
the indel mutation spectra have similarity to COSMIC signatures ID2 and ID7 (Addi-
tional file 10: Fig. S4a), which are associated with dMMR and MSI. In line with dMMR 
and MSI, the tumor samples from both dogs had elevated single SNV and indel muta-
tion rates (13.0 and 8.9 mutations/Mb, respectively) relative to the other canine samples.

Similarly, feline case CATD0037a, which had an elevated mutation rate relative to 
the other feline samples in the cohort (13.7 mutations/Mb compared to a median of 1.1 
mutations/Mb; Fig. 2b), had two mutations affecting MSH2. We identified a frameshift 
deletion in exon 10 (p.G508Afs*18) and a single base change affecting the splice acceptor 
site of intron 1, which suggests both alleles were inactivated. Mutational signature fitting 
identified COSMIC mutational signature SBS1 and signatures associated with dMMR 
and MSI (SBS6 and SBS44), and, in line with dMMR and MSI, the indel spectrum had 
a prevalence of single base pair deletions in homopolymer regions greater than 5 bp in 
length (Fig. 2c). In addition to CATD0037a, CATD0050a had an elevated SNV and indel 
mutation rate (3.8 mutations/Mb); however, signature fitting and reconstruction did not 
result in any significant similarity to the observed mutation spectrum and no somatic 
or germline mutations were identified in MSH2, MLH1, PMS2 or MSH6. Given that 
we identified MSH2 mutations and corresponding SBS and ID mutational signatures in 
both feline and canine UC cases with high mutation burden, we can conclude that these 
samples are MMR-deficient, and similar to human MIBC, MMR deficiency plays a role 
in tumorigenesis in a subset of canine and feline bladder cancers.

Characterization of a bracken fern‑associated mutational signature

The bovine UC cases we sequenced in this study came from cows that had devel-
oped UC after grazing on pastures with bracken fern, which has been associated with 
UC in cattle. Bovine UC was distinctly different than canine and feline UC, with an 
extremely high mutation rate (median 65 mutations/Mb) and unique mutational sig-
natures. The SBS mutational spectra of the bovine UC revealed a preponderance of T 
nucleotide substitutions in specific trinucleotide contexts. To characterize the under-
lying BF-induced mutagenesis, we extracted mutational signatures from single base 
substitutions, and profiled dinucleotide substitutions and indels. Based on goodness-
of-fit (see “Methods”), it was determined that there were two SBS signatures, desig-
nated Signature BF-A and Signature BF-B, and both were active across all 8 bovine UC 
samples (Fig.  5a). There was no confident match with any known mutational signa-
tures, as the highest cosine similarity between bovine Signature BF-A and a COSMIC 
or Signal [45] signature was only 0.49 and 0.63, respectively, and for bovine Signature 
BF-B, the highest cosine similarities were 0.68 and 0.73, respectively. Visual compari-
son of the spectra also confirmed the matches as low confidence (Additional file 11: 
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Fig. S5). The mutation spectra of the samples with the lowest (BTAUD0029a) and 
highest (BTAUD0055a) mutation rates were reconstructed using these novel signa-
tures yielding cosine similarities of 0.981 and 0.990, respectively (Fig. 5b,c). The activ-
ity (exposure) of Signature BF-A was responsible for 49–89% of mutations across the 
8 bovine samples (Fig. 5d). In Signature BF-A, a large proportion of point mutations 
were T > C, with the majority occurring in trinucleotide context CTC and TTC, T > A 
in sequence context ATA, CTA or TTA, and there also was significant bias toward the 
genic transcribed strand (p < 0.01) in all of these contexts in two or more bovine UC 
cases (Additional file 12: Fig. S6). A number of T > G mutations also occurred in spe-
cific sequence contexts (Fig. 5a), with significant transcriptional strand bias (p < 0.01; 
Additional file 12: Fig. S6). Similarly, a novel indel signature involving deletion of T 
was identified in all 8 bovine UC samples (Fig.  5e). Interestingly, the majority of T 
deletions did not occur in homopolymer runs, but rather in a CTG or CTC trinu-
cleotide context (Additional file  13: Fig. S7), something not seen in COSMIC indel 
signatures. Finally, although there were far fewer dinucleotide variants, the majority 
were TC > CA and TG > GN (Fig. 5f ); again, this does not match any known COSMIC 
doublet base substitution (DBS) signature. In summary, there is a strong pattern of 

Fig. 5  Mutational signatures in bovine UC. a Signature extraction identified 2 novel single base substitution 
(SBS) signatures, designated Signatures BF-A and BF-B. The SBS mutational spectra are comprised of 96 
substitution types, which are derived from six possible SBS mutations, each with 4 possible bases directly 5′ 
and 3′. The observed and reconstructed SBS mutation spectra of the samples with the lowest and highest 
mutation rates, BTAUD0029a (b) and BTAU0055a (c), respectively, are shown. d The absolute (upper panel) 
and relative (lower panel) proportion of mutations attributed to Signatures BF-A and BF-B in bovine UC 
samples. e The indel mutation spectrum of BTAUD0055a. f The doublet substitution spectrum in BTAUD0055a
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substitution and deletion of T nucleotides in specific trinucleotide contexts, and these 
signatures do not resemble any COSMIC or Signal signatures.

It has been shown previously that DNA alkylation by ptaquiloside has a strong prefer-
ence for adenine bases [33, 46]; therefore, we next asked whether BF exposure, or spe-
cifically, PT was responsible for the mutational signatures we observed. We generated 
whole BF extracts, from freshly collected BF fronds (Additional file  14: Fig. S8) using 
two methods, acetone extraction (BFA) and ethyl acetate extraction (BFE), and treated 
human urinary bladder UC KU-19–19 cells every 24 h for 3–14 days (see “Methods”). 
The BF extracts had increased cytotoxicity in chemosensitivity dose response assays 
with increasing number of days of exposure; thus, the IC20 and IC50 concentrations of 
the BF extracts applied to the cells for mutational analyses were different for each time 
point (with longer exposure times requiring lower doses; Additional file  15: Table  S7 
and Additional file 16: Table S8). Using mutations pooled from all BF extract doses and 
time points, mutational signature extraction was performed (see “Methods”). Based on 
goodness-of-fit (see “Methods”), it was estimated that two SBS signatures, which we des-
ignated in vitro Signatures BFA-A and BFA-B, were active in the human UC cells treated 
with BFA (Fig. 6a). The relative exposure of each signature within each individual sample 
is shown in Additional file  15: Table  S7. The cosine similarities between the observed 
mutational spectra in the BFA-treated cells and the mutational spectra reconstructed 
from the extracted signatures at each dose and time point were between 0.974 and 0.992. 
An example from cells exposed to BFA for 3 days (at IC50) is shown in Additional file 17: 
Fig. S9a. The in vitro Signatures BFA-A and BFA-B highly resembled the two in vitro SBS 
signatures active in cells treated with BFE (cosine similarity = 0.94 and 0.98 to Signatures 
BFE-A and BFE-B, respectively; Additional file 17: Fig. S9b-c); henceforth, the discussion 
will focus on the signatures identified in cells treated with BFA. In vitro Signature BFA-A 
did not confidently match any known mutational signature, with the highest cosine simi-
larities being 0.7 to COSMIC SBS25 and 0.74 to Signal SBS141 (Additional file 11: Fig. 
S5a). Additionally, a visual comparison of the mutational spectra for COSMIC SBS25 
and Signal SBS141 do not contain the T > C and T > A peaks in specific sequence con-
texts, which are the distinguishing feature of the novel Signature A observed in bovine 
UC and in vitro. Signature BFA-A had a good resemblance to the bovine UC Signature 
BF-A that we identified (cosine similarity = 0.82), with a prevalence of T mutations 
in specific trinucleotide contexts (Fig.  6a). In  vitro Signature BFA-B did not resemble 
bovine UC Signature BF-B (cosine similarity = 0.57). In vitro signature BFA-B had cosine 
similarities of 0.84 to 0.87 to three very distinct known signatures, COSMIC SBS40, Sig-
nal SBS18 and Signal SBS167, which is annotated as tentative or having a lack of evi-
dence (Additional file 11: Fig. S5b), which provides some uncertainty as to whether any 
of these are true matches. In summary, there is a good resemblance between the bovine 
UC Signature BF-A and the in vitro Signature BFA-A that was seen in the BF extract-
treated human UC cell line, and these signatures do not resemble any COSMIC or Signal 
signatures. The number of indels found in BFA-treated cells ranged from 108 to 193 and 
we did not find a propensity toward deletion of T in CTG or CTC sequence context as 
we did with bovine UC.

To determine if PT was the component of BF extract primarily responsible for the 
mutational signatures that we identified in the cells treated with BF extract and in 
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bovine UC tumors, and to investigate the effect of exposure time, we purified PT from 
BF fronds and treated KU-19–19 cells every 24 h at a fixed concentration (non-toxic 
dose (NTC), 0.2  µM; IC20, 10  µM; and IC50, 30  µM), and collected the cells from 3 
to 14  days after the first day of exposure (see “Methods”). Signature extraction was 
performed (see “Methods”), using mutations from all time points and PT doses. 
Based on goodness-of-fit (see “Methods”), it was estimated that two SBS signatures, 
which we designated in  vitro Signature PT-A and PT-B, were active. The in  vitro 
signatures BFA-A and BFA-B, found in cells treated with BF extract were recapitu-
lated in cells treated with PT (cosine similarity = 0.91 when compared to PT-A and 
0.97 when compared to PT-B), suggesting that PT was indeed associated with the 

Fig. 6  Mutational signatures in human bladder cancer cell lines after exposure to bracken extracts and 
ptaquiloside. a Signature extraction identified 2 novel single base substitution (SBS) signatures, Signatures 
BFA-A and BFA-B in KU-19–19 cells exposed to BF whole extract (BFA). b Similar signatures, Signature PT-A 
and PT-B, were identified in KU-19–19 cells exposed to purified PT. For comparison, bovine Signature BF-A is 
shown (lower panel). c The SBS mutation spectra after 3 days (upper panel) and 14 days (lower panel) of PT 
exposure at IC50. d The absolute (upper panel) and relative (lower panel) proportion of mutations attributed 
to Signatures PT-A and PT-B in KU-19–19 cells exposed to PT. NTC is non-toxic concentration; IC20 and IC50 
are 20 and 50% inhibitory concentration (of cell growth), respectively; d3, d7, d10, and d14 are the number 
of days. e The observed and reconstructed SBS spectra from KU-19–19 cells exposed to PT for 10 days (IC50), 
showing the activity of each signature for each substitution type. f The indel mutation spectrum observed at 
day 14 (IC50) in KU-19–19 cells exposed to PT. g The doublet substitution spectrum observed at day 14 (IC50) 
in KU-19–19 cells exposed to PT
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observed signatures. When in vitro signature PT-A was compared to bovine UC sig-
nature BF-A, the resemblance to bovine UC Signature BF-A was lower (cosine simi-
larity = 0.77); however, the signatures shared the key features of the bovine Signature 
BF-A, specifically, T mutations in specific mutational contexts and a lack of C muta-
tions (Fig. 6a, b and Additional file 17: Fig. S9b). Additionally, the indel and doublet 
substitution profiles from cells treated with PT mirrored those from bovine UC.

Of the known signatures, Signature PT-A had the highest cosine similarity to COS-
MIC SBS90 (0.75) and Signal SBS90 (0.78). Of note, although similar to in vitro sig-
nature PT-A in sharing some peaks of T > A mutations in specific sequence contexts, 
SBS90 lacks the distinctive T > C mutations observed in bovine UC and the in vitro 
signatures PT-A and BFA-A (Additional file 11: Fig. S5a), and we therefore concluded 
that Signature PT-A was novel. Similar to in vitro signature BFA-B, PT-B has cosine 
similarity to COSMIC SBS40 and two Signal signatures (cosine similarity 0.83 to 
0.88), and with visual inspection, it was unclear whether any of the signatures repre-
sents PT-B (Additional file 11: Fig. S5b).

Similar to bovine UC, there was a significant bias toward the genic transcribed 
strand for T > C, T > G, and T > A mutations in specific trinucleotide contexts (Addi-
tional file  18: Fig. S10). Strand bias was observed in more highly expressed genes, 
which also had lower a mutational burden; this suggests transcription coupled repair 
activity rather than transcription coupled damage. We did not find replication-associ-
ated strand bias.

To determine the effect of PT dose over time, we compared mutational spectra for 
each time point. At all doses of PT, a similar pattern was observed, where the muta-
tional spectra seen at day 3 resembled Signature PT-B, and, after the accumulation 
of more mutations, the spectra at day 14 resembled Signature PT-A. Examples of day 
3 and day 14 mutational spectra from the IC50 dosage are shown in Fig. 6c. Indeed, 
in the earlier time points (days 3 and 7), Signature PT-B was predominately active, 
whereas in the later time points (days 10 and 14), the number of mutations increases 
due to Signature PT-A activity (Fig.  6d). The cosine similarities between the muta-
tional spectra reconstructed with Signatures PT-A and PT-B and the observed muta-
tional spectra at each dose and time point were 0.950–0.999. An example from cells 
treated with PT for 10 days (at IC50) is shown in Fig. 6e.

Similar to SBSs, the mutational spectra of indels in PT-exposed KU-19–19 cells 
showed more similarity to the bovine UC indel mutational spectra at later time 
points, with an increasing proportion of T deletions occurring outside of homopoly-
mer runs (Additional file 19: Fig. S11). For cells treated with PT for 14 days (at IC50; 
Fig. 6f ), deletion of T was the most common indel, as it was in bovine UC. For 1 bp 
deletions occurring outside of homopolymers, although there was a preponderance 
for deletion of T, as observed in bovine UC, there was a wider preference for sequence 
context ATN and CTN (Additional file 20: Fig. S12) rather than primarily in the CTG 
or CTC context. Although we did not observe an obvious preference for T deletions 
in sequence-specific contexts in cells treated with BFA, this maybe be due to the dif-
ference in the dosage protocols used (see “Methods”); for longer time periods, lower 
doses of BFA were required for cell survival, whereas a consistent dose of PT over 
various treatment times showed that only after 14  days, the indel profile in treated 
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cells was similar to that found in bovine UC. Also consistent with bovine UC, there 
were relatively fewer dinucleotide variants than SBSs and indels, and the majority of 
these were TG > GA (Fig. 6g).

In summary, we have characterized a unique signature in bovine UC, BF-A, consisting 
of mutation and deletion of T/A nucleotides in specific mutation contexts, and there is a 
good resemblance of novel signatures found in the bovine UC and the in vitro signatures 
found in the BF- and PT-treated UC cell lines (Additional file 11: Fig. S5). Treatment of 
cell lines with BF extract and purified PT produced highly similar mutational signatures, 
and the increase in mutations over time in PT-treated cells was predominately due to the 
activity of Signature A, which implicates PT as the primary mutagen associated with this 
signature.

Germline predisposition variants

As we sequenced matched normal tissue for each tumor in our cohorts, we were able 
to search for putative pathogenic germline variants. We focussed on genes with non-
sense and frameshift variants, as these variants will have a predictable detrimental 
effect on gene function. In canine UC cases, we identified nonsense variants in 6 genes, 
and frameshift variants in 27 genes (Additional file 21: Table S9). As discussed above, 
we identified a germline frameshift variant in MSH2 in dog DD0355; MSH2 has been 
validated as a UC risk gene in humans, with germline pathogenic variants in MSH2 
reported in 1.4–3.5% of UC patients [47, 48]. In addition, germline samples DD0191b 
and DD0281b had frameshift variants in NBN, which is a moderate-penetrance gene 
with pathogenic or likely pathogenic germline variants in 0.5% of human patients with 
UC [48]. Another canine UC case had a ATM germline frameshift mutation; ATM has 
also been highlighted as a potential human UC predisposition gene [47]. In feline UC 
cases, we identified germline nonsense variants in 9 genes, and frameshift variants in 
10 genes (Additional file 22: Table S10). Importantly, a frameshift variant in CHEK2 was 
identified in one cat (CATD0037); 1% of human MIBC patients have been found to have 
pathogenic or likely pathogenic variants in CHEK2, which is a moderate-penetrance 
gene [48]. In bovine UC cases, we identified nonsense variants in 9 genes, and frameshift 
variants in 7 genes (Additional file 23: Table S11). However, none of these genes have 
previously been reported to have pathogenic variants in human UC patients. Compar-
ing across species, we also note the presence of germline loss-of-function variants in 
SMAD3, POLQ, and CBFA2T3 in both canine and feline UC cases, BARD1 in feline and 
bovine UC cases, and TSC2 in canine and bovine UC cases. Further studies are required 
to determine if these are true UC predisposition variants, and whether any of these can-
didates can inform on human predisposition to MIBC.

Cross‑species comparative analysis of somatic copy number alterations

Analysis of the SCNA profiles of the canine UC samples (n = 62) derived from exome 
sequencing data revealed substantial chromosomal gains and losses, the most fre-
quent of which were copy number (CN) gains along chromosomes 13, 36, and 38 and 
CN losses along chromosomes 5, 12, and 19 (Additional file 10: Fig. S4b). This pattern 
is similar to that identified in canine primary UC by oligonucleotide array compara-
tive genomic hybridization (oaCGH; n = 31) [49], in which CN gain of chromosomes 
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13 and 36 and loss of chromosome 19 were most prevalent. In feline UC (n = 21), the 
most frequent CN gains were found on chromosome E3 and the most frequent losses 
were found on chromosomes A1 and D4 and part of chromosome A2 (Fig. 2d). From the 
bovine UC sample cohort, only 3/8 samples had SCNA profiles suitable for CN analy-
sis (BTAUD00029a, BTADU00031c, and BTAUD00055a; see “Methods”); however, it 
is worth noting the paucity of structural variants in these samples relative to human, 
canine, and feline UC, with only chromosomal copy-neutral LOH of one chromosome 
per sample (chromosomes 11, 29, and 7, respectively) and very few focal SCNAs (Addi-
tional file  24: Fig. S13). The lack of SCNAs in bovine UC is in line with the previous 
observation that there is an inverse relationship between the number of somatic muta-
tions and SCNAs [50]. Additionally, PT preferentially alkylates adenine bases [51] lead-
ing to small DNA aberrations rather than genomic instability.

Chromothripsis has been observed in human MIBC [52], with one study identifying 
11/23 (47.8%) UC samples with low- or high-confidence chromothripsis events [53]. 
Using the criteria described by Voronina et al. [54] to score chromothripsis predications 
as high, intermediate, and low confidence (see “Methods”), we identified chromothrip-
sis-like events in 60% of canine UC samples (37/62) for which we had high-quality SNCA 
profiles (Additional file 10: Fig. S4c; see “Methods”). An example of a canine UC sample 
with chromothripsis-like events on two chromosomes is shown in Additional file 10: Fig. 
S4d. Chromothripsis-like events were most frequently found on chromosome 36 (n = 10 
samples), followed by chromosome 10 (n = 7), which is similar to that previously identi-
fied in canine primary UC by oaCGH [49], where they estimated 74% of cases had 1 or 
more chromothripsis-like events. There were also some notable differences; for exam-
ple, we also identified chromosome 9 as a frequent target of chromothripsis-like events, 
while Shapiro et al. found 16% of samples with chromothripsis-like events on chromo-
some 16, which we did not observe. These differences may be due to the differences in 
the criteria for defining chromothripsis-like events and/or differences in the technolo-
gies used to detect SCNAs. These chromothripsis events could be confirmed by com-
bining structural variant and CN analysis and performing whole-genome sequencing 
[53]. As with canine UC, we identified chromothripsis-like events in feline UC samples. 
Of the 8/21 (38.1%) samples with chromothripsis-like events, chromosomes A2 and 
E1 were most frequently affected (Additional file 25: Fig. S14a). An example of a feline 
UC sample with chromothripsis-like events on 3 chromosomes is shown in Additional 
file 25: Fig. S14b.

A cross-species comparison between canine UC, feline UC, and previously analyzed 
human MIBC [22] found that within recurrently amplified or deleted chromosomes, 
or chromosome arms in the human MIBC samples, there were only three regions with 
CGC genes and synteny between all three species, including a recurrently deleted region 
containing the tumor suppressors APC and ARRDC3 (Additional file 26: Table S12 and 
Fig.  3b). We next used STAC [55] to identify significantly amplified and deleted sub-
chromosomal regions in dog and cat samples (see “Methods”) and compared these to 
significant SCNAs previously identified in human MIBC (Additional file 27: Table S13 
and Fig. 3b). In focal regions less than 10 Mb, we found significant recurrent amplifi-
cation of the oncogene MDM2 and deletion of the tumor suppressor and DNA repair 
gene RB1 in canine samples, which is also the case for human MIBC [22]. In the feline 
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UC samples, it was interesting to note deletion of the transcriptional co-activators 
and chromatin remodelling genes, CREBBP and NCOR1, as 57/97 (59%) of human UC 
patients harbor nonsynonymous mutations in chromatin remodelling genes (includ-
ing CREBBP and NCOR1) [56], which suggests that aberration of chromatin regulation 
might be a hallmark of urinary bladder cancer [56]. To identify further genes of interest, 
we expanded the cross-species comparison to wider peak regions identified by STAC 
and GISTIC analyses (Additional file 27: Table S13). The guanine nucleotide exchange 
factor family member ARHGEF10, a candidate tumor suppressor gene (TSG) which has 
reduced ARHGEF10 expression in > 50% human UC cell lines [57], was the only gene 
significantly deleted in all three species, providing further support that ARHGEF10 is an 
important TSG in UC.

In summary, with WES, we have been able to recapitulate canine SCNA profiles 
observed with oaCGH [49] and offer a first glimpse of SNCA in feline and bovine UC. 
Chromothripsis occurs in canine and feline UC, in line with previous reports of chro-
mothripsis in human MIBC [52]. As with somatic mutations, cross-species analysis ena-
bled the identification of common significantly amplified or deleted genes as key driver 
events in bladder cancer.

Discussion
Advances in genome sequencing have enabled comprehensive cataloging of mutations 
and copy number events in cancer. However, distinguishing between passenger and 
driver mutations remains challenging. Cross-species analysis is one method that can 
contribute to advancing our understanding of tumorigenesis. Firstly, identification of 
SMGs or SCNAs that are common between species can help prioritize and refine can-
didate driver genes and potentially refine our mechanistic understanding of cancer gene 
function. Secondly, elucidation of the similarities and differences in the oncogenomic 
landscape of tumors in non-human species allows us to determine whether they repre-
sent relevant models that can be utilized as a means to improve and expedite our under-
standing of cancer biology and potential therapies.

Domestic dogs and cats spontaneously develop tumors that share many similarities 
with human tumors, including anatomical location, histological appearance and ther-
apeutic response, and canines in particular have been proposed as a model of human 
MIBC (reviewed in [58]). The transcriptomes of small canine UC cohorts have been 
studied (n = 4 to n = 18) [26, 28, 59–62]; however, only two studies have performed WES 
on canine UC, with their findings limited by small sample size and a lack of matched 
normal tissue (n = 3/11 [28] and n = 0/28 [32] of tumor samples had normal tissue sam-
ples from the same animal). In contrast, there have been no whole-exome analyses of 
feline UC, likely as a consequence of both the relative low frequency of occurrence 
(0.38–0.56% of all feline malignancies [63, 64] versus 1.5–2% of all canine neoplasms 
[65]), and the comparatively lower investment made in sequencing feline cancers [66]. 
Therefore, in this study, we sequenced the exomes of canine and feline UC, which 
not only provided insights into UC in these companion animals, in line with the ‘One 
Medicine, One Health’ approach [67], but also allowed us to identify conserved genetic 
alterations involved in tumor development in human MIBC by leveraging cross-species 
comparative analysis.
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Canine and feline UC are genetically heterogeneous, as is human MIBC, and both 
shared some aspects of the mutational landscape of human MIBC, as well as important 
differences. The most striking similarity was the significant proportion of samples with 
TP53 mutations in both feline UC and human MIBC. We did not, however, find the co-
occurrence of mutation of TP53 and RB1, that is observed in human MIBC [22]. Muta-
tion of TP53 was notably absent in canine UC; however, like human MIBC, MDM2, 
which is a negative regulator of TP53 [68] and RB1[69], was significantly amplified in 
canine UC (Fig. 3), and RB1 itself was also significantly deleted. This suggests that dis-
ruption of the p53 pathway, through amplification of MDM2 rather than TP53 muta-
tion, may be a key driver of tumorigenesis in canine UC. Importantly, RB1 was one of 3 
genes, that, if mutated, was found to predict response and benefit from cisplatin-based 
neoadjuvant chemotherapy for human MIBC [70]. The most striking difference between 
canine UC and human MIBC was the high proportion of canine UC tumors with BRAF 
p.V588E (V595E) mutations, which corresponds to the human BRAF p.V600E hotspot 
mutation. This mutation has previously been reported in 65–87% of canine UC [25–28], 
and BRAF mutation testing of DNA in urine samples has emerged as a non-invasive 
diagnostic option for canine UC [71]. However, BRAF is infrequently mutated in human 
UC and MIBC [22, 72, 73], is not mutated in any of the 23 feline UC cases and is mutated 
in only 1 of the 8 bovine UC cases, which suggests a different etiology for tumorigenesis 
in dogs.

While a subset of human MIBC with a high mutational load are associated with 
APOBEC activation signatures [22], we did not find elevated mutation rates in feline or 
canine UC cases other than those associated with MMR deficiency. Although de novo 
signature extraction was limited by the low number of mutations available for analy-
sis, it is unlikely that APOBEC-mediated mutagenesis signatures are present, given the 
very low mutation rate. Nonetheless, performing whole-genome sequencing or collect-
ing much larger WES data sets may enable discovery of other signatures that contribute 
to a lower mutational burden. One feline and two canine samples had elevated muta-
tion loads that are attributed to MSI/dMMR from loss-of-function mutations in MSH2. 
MSH2 is an established UC risk gene in humans [47, 48]; UC is the third most com-
mon Lynch syndrome-associated tumor [74], with increased risk of urinary bladder UC 
reported in Lynch syndrome patients carrying MSH2 mutations [75]. Previous studies 
have reported MSI in 1.1% of human urinary bladder UC patients [76] and dMMR in 
1.1–7.7% of patients [36–39]. Defective MMR in urinary bladder UC shows temporal 
and spatial homogeneity throughout the tumor [37], and there is a strong correlation 
with cytotoxic T lymphocyte infiltration and PD-L1 tissue expression [36]. Indeed, there 
is a case report showing complete response to anti-PD-L1 antibody (atezolizumab) in 
metastatic MIBC patient that had MSI associated with a novel MSH4 somatic mutation 
[77]. Thus, not only do a proportion of canine and feline UC cases potentially represent 
a model of MSI/dMMR-mediated urinary bladder UC, they themselves may also benefit 
from immune checkpoint inhibitor therapy.

With a high mutation rate and nearly 60 SMGs identified in human MIBC [22], it is 
difficult to identify true driver genes and driver events. Cross-species comparative 
analysis of SMGs in canine, feline, and human UC enabled the refinement of ARID1A, 
KDM6A, TP53, FAT1, and NRAS as key driver genes in human MIBC. Similarly, while 
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somatic CN analysis of human MIBC identified numerous genes within significantly 
amplified or deleted chromosomal regions [22], cross-species comparison of significant 
copy number changes revealed a small overlap between UC in the 3 species. This ena-
bled further refinement of relevant CN changes and identification of key driver events in 
tumorigenesis across species, including amplification of the oncogene MDM2, deletion 
of the tumor suppressor RB1 and deletion of the candidate tumor suppressor gene ARH-
GEF10, which was the only significantly deleted gene in UC in all 3 species. Additionally, 
we identified deletion of chromatin remodelling genes CREBBP and NCOR1 as common 
driver events in human and feline UC.

BF exposure has been linked to esophageal and gastric cancer in humans (reviewed in 
[78–81]). Exposure can occur directly by consumption of the plant or by spore inhala-
tion, and PT, a carcinogen found in BF, has been found in the milk of cows grazing on BF 
and in surface and ground water [21, 78, 82, 83]. It has been estimated that PT accounts 
for > 50% of the carcinogenic potency of BF [84]. The carcinogenic effect of PT is based 
on its hydrolysis and the formation of a dienone intermediate (APT) that can produce 
DNA adducts (via alkylation), which are responsible for inducing carcinoma [51]). Cat-
tle do not commonly develop UBC; however, those that have grazed on BF pastures can 
develop bovine enzootic hematuria due to chronic BF toxicity, which results in urinary 
bladder hemorrhages and the development of multiple lesions in the urinary bladder 
wall, most of which are UC (67%) [17]. DNA adducts have been detected in the ileum of 
calves that were fed BF [33], and in the upper gastrointestinal tissues of mice that were 
fed BF extract or spores [85], providing direct evidence for BF-induced carcinogenesis.

Sequencing of bovine UC revealed mutational profiles vastly different to those in 
spontaneous UC arising in cats, dogs, and humans. We identified novel SBS, DBS, and 
indel mutational signatures that were present in all eight bovine urinary bladder UCs we 
sequenced, which arose in cows that grazed on pastures with BF in Portugal and Bra-
zil. In line with the previous observation that APT preferentially alkylates adenines [33, 
86], the predominant signatures in bovine urinary bladder UC were deletion of T in the 
CTG or CTC context and point mutation of T in specific dinucleotide and trinucleotide 
contexts. Notably, we were able to identify similar mutational signatures in a human UC 
cell line exposed to either BF extracts or purified PT, providing evidence that PT expo-
sure was the main contributor to the mutational profiles observed in bovine UC. Bovine 
Signature BF-B was not recapitulated by the human cell line experiments; it could rep-
resent other mutational processes active in bovine UC that were not present in  vitro. 
Additionally, the second SBS signature extracted from the human UC cell line experi-
ments, Signature BFA-B, was not observed in bovine UC, which could be due to pro-
cesses occurring in vitro or the fact that the cell population was not clonal.

Conclusion
We have identified the key similarities and differences between the genetic landscape of 
spontaneously arising urinary bladder UC in pet dogs and cats and MIBC in humans. 
The similarities show that both canine and feline UC could be informative as models 
for human MIBC, which has the additional benefit of informing further investigation of 
UC of these companion animals as well has human MIBC. Cross-species comparative 
analysis was used to prioritize the top candidate driver genes and copy number events 
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in human MIBC, which will help focus future research into treatment options. Finally, 
we identified in BF-consuming cattle an extremely high mutational load and novel muta-
tional signature, characterized by point mutation and deletion of T/A nucleotides in 
specific sequence contexts. In vitro recapitulation of this signature in cell lines implicate 
PT as the mutagen. These findings could have implications for studies examining the 
health effects of BF and PT exposure in humans.

Methods
Sample collection and DNA isolation

The samples of urinary bladder urothelial carcinoma consisted of formalin-fixed, paraf-
fin-embedded (FFPE) canine, feline, and bovine tissues that had been collected as part 
of routine diagnostic procedures or necropsy (or at the slaughterhouse), with the own-
er’s consent. The use of the samples adhered to Nagoya Protocol guidelines. The cases 
were selected based on the availability of matched FFPE normal (healthy) tissue from the 
same animal (which in some cases was urinary bladder tissue adjacent to the tumor and 
in other cases was a different tissue altogether) and from a range of breeds and institu-
tions in different countries. The country from which the case was obtained, the tissue 
that was sampled and the signalment data for each case, including the species, tumor 
and normal tissue sampled, breed, sex, neutering status, and age at diagnosis is provided 
in Additional file 1: Table S1. The 87 canine cases (29 male, 58 female) represented 36 
different breeds and were collected from 20 institutes across 16 countries. The 23 feline 
cases (14 males, 9 females) represented 6 different breeds and were collected from 8 dif-
ferent institutions across 8 countries. The 8 bovine cases (from 7 different female cows, 
as one cow had 2 independent lesions) were collected from 3 different institutes across 
2 countries. The institutions were a mixture of private veterinary pathology companies 
and university or governmental veterinary pathology departments. All cases were exam-
ined by experienced pathologists, who then annotated the tumor and normal areas to 
be sampled. All tumor and normal tissue samples were obtained as either 0.6 or 1-mm-
diameter cores or as unstained 10-micron-thick tissue sections attached to glass slides. 
Genomic DNA was extracted from the tumor and normal cores or unstained tissue sec-
tions (scraped from the tumor and normal areas on the slides) using a QIAamp DNA 
FFPE Tissue Kit (Qiagen), according to the manufacturer’s instructions.

Whole‑exome bait design

Agilent SureSelect bait libraries were designed for the canine, feline, and bovine exomes 
using gene models from Ensembl v98 and genome references CanFam3.1 [87] (OLIDs: 
3263651, 3263641, 3263631), Felis_catus_9.0 [88] (OLIDs: 3261601, 3261611, 3261621), 
and ARS-UCD1.2 [89] (OLIDs: 3263141, 3263131, 3263121), respectively. Baits were 
designed against regions in protein-coding transcripts annotated on the main autosomes 
and chromosome X, with an additional 25 bp flanking each side. In the final bait design, 
7.4, 5.1, and 7.2% of the original canine, feline, and bovine coding regions targeted had 
no bait coverage. Balanced bait boosting was applied for high GC regions.
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Sequencing, read alignment, and quality control

Sequencing libraries were prepared from the FFPE-extracted DNA as previously 
described [90] and were pooled (8-plex) in an equimolar fashion and hybridized with 
baits overnight. The multiplexed samples were paired-end sequenced using the NovaSeq 
platform (Illumina) to generate 101-bp reads.

Sequencing reads from canine, feline, and bovine samples were aligned to the Can-
Fam3.1, Felis_Catus_9.0, and ARS-UCD1.2 reference genomes, respectively, using 
BWA-MEM (v0.7.17-r1188) [91]. PCR duplicates were marked using Biobambam2 
bammarkduplicates (v2.0.29) [92]. Samples with contamination, sample swaps, and  
less than 11x coverage across 80% of the targeted regions were excluded. Canine and 
feline tumors where 95% of the VAFs from somatic mutation calling was ≤ 0.25 were 
also excluded. In total, there were 87 canine, 23 feline, and 8 bovine matched tumor-
normal pairs. The mean sequence coverage of targeted regions was 123x, 113x, and 
86x for these canine, feline, and bovine samples, respectively, when PCR duplicates 
were excluded.

Variant calling

Somatic SNVs were identified using MuTect (v1.7) [93]. Default parameters were used, 
with the exception of a minimum base quality score requirement of 30 and a maximum 
of three alternative alleles allowed in a matched normal sample. MAC (v1.2) [94] was 
used to identify multi-nucleotide variants from MuTect output by identifying adjacent 
SNVs on the same strand. Strelka2 (v2.9.10) [95] was used to identify small indels using 
default parameters, with the empirical variant scoring (EVS) option disabled. Gene 
models and the Variant Effect Predictor (VEP) [96] from Ensembl v98 were used to pre-
dict the consequences of base changes and indels on proteins. The canonical transcript, 
as defined by Ensembl, was used to determine the variant consequence. Common 
SNVs, defined as variants present in 1% or more of the reference SNV databases listed 
below, were removed. We identified C > T transition artifacts from deamination of cyto-
sine present at low variant allele frequency (VAF) and attempted to remove these by 
removing C > T (or G > A) with VAF < 0.1, total depth of coverage < 20x or VAF < 0.2 if 
the coverage was 20-99x. We also identified artifacts with similar mutational profiles 
as COSMIC signatures SBS45 and SBS52, and therefore removed C > A (or G > T) 
transversions that occurred in sequence context CCN or TCN (NGG or NGA for 
G > Ts) if the VAF was < 0.1, the depth of coverage was less than 20, or the coverage 
was 20-99x and the VAF was < 0.2. Additionally, general filtering was applied and vari-
ants were removed if the tumor or matched normal depth of coverage was < 10x , if the 
coverage < 300x and VAF in the tumor was < 0.1 or if the coverage ≥ 300x and the VAF 
in the tumor was < 0.05. Additionally, the VAF in the matched normal was required to 
be < 0.01. DISCOVER (v.0.9.4) [31] was used to search for mutually exclusive and co-
occurring somatic mutations.

Catalogs of known variants in the cat, dog, and cow genomes were obtained from the 
99 Lives Cat Genome Consortium (v9, from 54 cat genomes)[88], the National Human 
Genome Research Institute (NHGRI) Dog Genome Project [97], and the 1000 Bull 
Genomes Project [98], respectively. The VAFs from these databases were used to remove 
any common variants (AF ≥ 0.01) from the somatic variant calls. Variants in the normal 
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germline samples were identified using the Genome Analysis Toolkit (GATK, v4.2.4.1) 
[99]. GATK HaplotypeCaller was run with a minimum base quality score 20 and soft-
clipped bases were not used. This was followed by CombineGVCFs, GenotypeGVCFs, 
and SelectVariants to create a file for SNVs and another for indels. Finally, GATK Vari-
antFiltration was run, with the following options for SNVs: QC < 2, QUAL < 30, SOR > 3, 
FS > 60, MQ < 40, MQRankSum < -12.5, ReadPosRankSum < -8.0. For indels, the options 
were as follows: QD < 2, QUAL < 30, FS > 200, ReadPosRankSum < -20. Ensembl VEP 
was run, as described above, to predict variant consequences. To identify candidate 
risk alleles in the canine, feline, and bovine germlines, variants with a population allele 
frequency (AF) > 0.001 in the corresponding variant databases (described above) were 
removed, along with multi-allelic sites, and sites where more than half of the samples 
were not genotyped. Finally, we selected variants resulting in frameshift and nonsense 
mutations in genes that had a one-to-one orthology with a CGC gene.

Somatic copy number alterations

Sequenza (v3.0.0) [100] was used to identify allele-specific SCNAs from aligned tumor 
and matched normal sequence reads (described above). All results were manually 
curated, and, where applicable, alternative ploidy and purity estimates were used to 
replace the default best-fit solutions, as previously described [100]. While Sequenza does 
not provide a specific measurement to evaluate noise and the quality of the estimates, 
various plots are provided for this purpose. Manual curation included visual inspection 
of the model fit plots, which show the correlation of the B-allele frequencies (BAF) and 
depth ratios with joint log posterior probability (LPP) density, the contours plot, which 
show the LPPs of a range of ploidy and purity combinations, and genome plots show-
ing BAF and depth ratios, as described in the Supplemental Materials of Favero et  al. 
[100]. Samples that were deemed to have excessive noise were excluded from CN analy-
sis. Sequenza provides absolute copy number calls for segments, therefore, to determine 
if a segment represents a relative CN gain or loss, the tumor ploidy was first determined 
as the most frequent CN assigned to segments with mean B-allele frequencies > 0.3, and 
a CN gain or loss was called if the absolute CN of the segment was above or below the 
ploidy, respectively. STAC [55] was used to find significant CN gains and losses in the 
canine and feline samples. Regions of gain or loss with frequency p-value < 0.05 or foot-
print p-value < 0.05 were considered statistically significant. The derivation of the fre-
quency and footprint p-values are described in the STAC publication [55].

Significantly mutated genes

To identify candidate driver genes, we used dNdScv (v0.0.1.0, git commit ID 0633182) 
[101], which identifies genes under positive selection, and MuSiC2 [102], which uses 
multiple statistical tests to identify genes significantly mutated above a background 
mutation rate. The dNdScv reference databases for each species were built using 
Ensembl v98 canonical transcripts and only genes targeted in bait design were included. 
Genes with a q-value < 0.01, when considering either substitutions only or all mutation 
types, were considered significant. For MuSiC2 analysis, genes with an FDR < 0.01 from 
the convolution test were considered significant. The convolution test is described in the 
original MuSiC publication [102].
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Somatic mutational signatures

For canine and feline UC samples with elevated mutation rates, SigFit (v2.2) [41] was 
used to fit COSMIC mutational signatures (v3.2). Using the mutational opportunities 
calculated from the canine or feline exome, including exons plus 2  bp flanking each 
exon to account for splice sites, mutational catalog counts were converted relative to the 
human genome. The SigFit ‘fit_signatures’ function was then used to fit COSMIC sig-
natures (v3.2), using 10,000 sampling iterations. Signatures contributing to more than 
5% of mutations were used to refit signatures, and the combination of signatures that 
resulted in the highest cosine similarity after mutation spectra reconstruction was cho-
sen as the best solution.

For bovine UC samples, SigFit (v2.2) [41] was used to extract mutational signatures de 
novo by first converting mutational catalog counts relative to the human genome, using 
mutational opportunities calculated from the bovine exome plus 2  bp flanking each 
exon. Signature extraction was performed using 10,000 sampling iterations and a good-
ness-of-fit plot was generated using the SigFit functions ‘calculate_gof ’ and ‘plot_gof ’ 
to estimate the optimal number of signatures. Signature re-fitting was then performed 
using the extracted signatures in order to calculate the signature exposures per sample. 
Signature extraction was performed in the same manner for the mutational catalogs 
from canine and feline UC, converting mutational counts relative to the human genome 
using mutational opportunities calculated from the canine and feline exome plus 2 bp 
flanking each exon. Signature extraction was performed for mutational catalogs from 
the human urinary bladder cells as described above, without conversion of the catalog 
counts. All novel signatures were compared to COSMIC signatures (v3.2) [42] and Sig-
nal [45] SBS reference signatures (v2.03; https://​github.​com/​Nik-​Zainal-​Group/​signa​
ture.​tools.​lib/​tree/​master/​data/​RefSi​gSBS_​v2.​03).

SigProfilerMatrixGenerator (v1.2.9; [103]) was used to count the number of muta-
tions on genic transcribed and untranscribed strands and an exact Poisson test was used 
to calculate significant strand bias for each mutation type. The bovine genome ARS-
UCD1.2 was first installed, with a change made to the SigProfilerMatrixGenerator script 
‘save_chrom_tsb_separate.py’ to include a list of bovine genome chromosomes. Canoni-
cal transcripts from Ensembl v98 and exome intervals list were used.

Chromothripsis

We used the definition and scoring of chromothripsis as outlined in Vorinina et al. [54] 
to estimate the extent of these events in the canine and feline tumors from Sequenza CN 
segmentation results (see above). Regions positive for chromothripsis were defined as 
high confidence (10 or more CN state switches in 50 Mb), intermediate confidence (8 
or 9 CN state switches in 50 Mb) or low confidence (6–7 CN state switches in 50 Mb). 
If positive, chromothripsis was further classified as canonical (2 or 3 CN states) or non-
canonical (> 3 CN states). For chromosomes < 50 Mb, the number of required CN state 
switches was scaled accordingly and rounded to the nearest whole number. For example, 
if a chromosome is 30 Mb, a scaling factor of 0.6 (30/50 Mb) was applied to the defini-
tions of high-confidence (6 or more CN state switches), intermediate-confidence (5 CN 
state switches), and low-confidence (4 CN state switches) regions of chromothripsis.

https://github.com/Nik-Zainal-Group/signature.tools.lib/tree/master/data/RefSigSBS_v2.03
https://github.com/Nik-Zainal-Group/signature.tools.lib/tree/master/data/RefSigSBS_v2.03
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Human urinary bladder cancer data

Mutation data from a TCGA human urinary bladder cancer study [22] were downloaded 
from the study’s cBioPortal website (https://​www.​cbiop​ortal.​org/​study/​summa​ry?​id=​
blca_​tcga_​pub_​2017). Segmentation files from the same study were available from the  
International Cancer Genome Consortium (ICGC) Data Portal (https://​dcc.​icgc.​org/) [104] 
for 278 donors; as we were only interested in comparing  primary tumors, 1 metastatic 
tumor was excluded for our analysis. The reference genome for the study was GRCh37.

Cross‑species comparison

Orthologous genes and syntenic regions between human, canine, feline, and bovine 
genes and genomes were downloaded from Ensembl v98 [105]. For cross-species 
comparisons, only genes with a one-to-one orthologous relationship were included. 
Cancer Gene Consensus genes (v96) were downloaded from the COSMIC website 
(https://​cancer.​sanger.​ac.​uk/​census) [106].

Bracken fern extract and ptaquiloside purification

Fresh, uncurled fronds of bracken (fiddleheads), Pteridium aquilinum (L.) Khun. 
(Dennstaedtiaceae) were collected early in the growing season (mid-late May) from 
Baildon Moor, Bradford, West Yorkshire, UK, and processed within a few hours as 
previously reported [107]. Briefly, fiddleheads were frozen with liquid N2, powdered 
and macerated with acetone. The filtered extract was dried under N2 and then under 
vacuum to provide the acetone extract used (BFA) for cytotoxicity studies. The ethyl 
acetate extract (BFE) was obtained by concentrating an acetone extract under reduced 
pressure at 30  °C, diluting with water and partitioning several times with ethyl ace-
tate. The extract was concentrated under reduced pressure at 40 °C then dried under 
vacuum. Ptaquiloside (PT) was isolated from an ethyl acetate extract by low-pressure 
column chromatography over silica gel as previously reported [107].

Cell culture and chemosensitivity

KU-19–19 (RRID: CVCL_1344) are a human urinary bladder urothelial carcinoma 
(UC) cell line [108] with low/absent intrinsic APOBEC activity [109]. Cells used were 
authenticated as KU-19–19 by STR profiling and were verified as being mycoplasma-
free [110]. Cells were maintained at low passage in antibiotic-free RPMI-1640 media 
(Sigma, R0883) supplemented with 10% fetal bovine serum and 2 mM L-glutamine. 
Chemosensitivity of KU-19–19 cells to purified BFA/BFE and PT was determined by 
MTT assay [111] following continuous daily cell exposure for 3, 7, 10, and 14  days 
(twofold serial dilution of BFA/BFE from 79.7 µg/ml to 0.156 µg/ml and twofold serial 
dilution of PT from 100 µM to 195 nM). KU-19–19 cells were seeded in 96-well cell 
culture plates at 1000 cells per well in 200µL of media and incubated for 24 h at 37 °C 
prior to BFA/BFE or PT exposure. BFA/BFE or PT at the required concentrations 
for testing were freshly prepared each day just before use by diluting in RPMI-1640 
cell culture media from stock solutions in DMSO that were stored in single use ali-
quots at − 20 °C. All cells were exposed to a final DMSO concentration of 0.1% with 
percentage cell growth inhibition at each tested concentration of BFA/BFE or PT 

https://www.cbioportal.org/study/summary?id=blca_tcga_pub_2017
https://www.cbioportal.org/study/summary?id=blca_tcga_pub_2017
https://dcc.icgc.org/
https://cancer.sanger.ac.uk/census
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determined relative to ‘vehicle control’ (0.1% DMSO)-treated cells. Each day of cell 
treatment up to the day of the MTT assay, media was carefully removed from the 
wells and replaced with fresh culture media containing freshly diluted BFA/BFE or 
PT, or solvent. For the MTT assay, media was removed and fresh media containing 
MTT (0.5 mg/mL) was added to wells and cells were further incubated at 37 °C for 4 h 
to allow for formazan crystals to form. Crystals were dissolved in DMSO and absorb-
ance readings at 540 nm were used to generate dose response curves for determina-
tion of IC20 and IC50 concentrations [111].

KU‑19–19 cell treatment with bracken fern extracts or purified ptaquiloside for mutational 

analyses

For DNA sequencing following the treatment of KU-19–19 cells with BFA, BFE or PT, 
experiments were scaled up from 96-well plates to 25cm2-cell culture flasks. KU-19–19 
cells were seeded at 7.8 × 104 cells per T25 flask in 5 ml of complete RPMI-1640 media 
24 h prior to treatment. For the BFA/BFE experiments, KU-19–19 cells were treated daily 
for 3, 7, 10, and 14 days by media replacement with freshly diluted BFA/BFE at their IC50 
and IC20 concentrations at each time point as pre-determined by MTT chemosensitivity 
assays. Chemosensitivity dose responses showed variation in their IC50 and IC20 concen-
trations depending on the number of days of cell treatment, and the concentrations used 
ranged from 3.1 to 79.7  µg/ml. For the PT experiments, KU-19–19 cells were treated 
daily for 3, 7, 10, and 14 days by media replacement with freshly diluted PT at a fixed 
concentration of 30 µM (mean IC50 concentration for these timepoints as determined by 
MTT chemosensitivity dose response curves), or 10 µM (approximate IC20 concentra-
tion) or 0.2 µM (‘non-cytotoxic’ concentration). For both experiments, solvent-exposed 
samples were used at the controls for each timepoint (designated by a ‘0’ in their sample 
name to indicate they had no BFA, BFE or PT exposure). At the endpoint of treatment 
for both experiments, cells were harvested from flasks by trypsinisation and cell pellets 
were washed twice with PBS to remove serum-containing media before ‘dry’ cell pellets 
were snap-frozen in liquid nitrogen. Genomic DNA was extracted from the cell pellets 
using the Purgene Cell Kit (Qiagen), according to the manufacturer’s instructions.

Sequencing, read alignment and variant calling of the treated KU‑19–19 cells

NanoSeq libraries were prepared from the KU-19–19 DNA following the duplex sequenc-
ing protocol as previously described [112]. A dilution of 0.2 fmols was taken for amplifica-
tion and sequencing to 15x coverage (x: human haploid genome equivalents) using 150-bp 
paired-end reads on a NovaSeq 6000. The controls (KU_PTA_0_d3, d7, d10, and d14) were 
sequenced from these libraries by taking 5 fmols into amplification and sequencing to 
15x coverage. Sequencing reads were aligned to the human reference genome (GRCh38, 
including decoys and HLA) using BWA-MEM (v0.7.17) [91] and processing of the data 
was performed as previously described [112]. Variant calling was done with the NanoSeq 
pipeline version 2 (March 24th, https://​github.​com/​cance​rit/​NanoS​eq), using the following 
parameters: -a 50 -b 0 -c 0 -d 2 -f 0.9 -i 0.2 -m 8 -n 3 -p 0 -q 60 -r 144 -v 0.01  -x 8 -z 15. For 
each time point, the treated sample was compared to the untreated control (KU_PTA_0) 
from the corresponding time point. Mutational signature extraction was performed as 
described above.

https://github.com/cancerit/NanoSeq
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