W) Check for updates

DOI: 10.1002/vms3.1287

ORIGINAL ARTICLE
DOGS

WILEY

Neoangiogenesis markers in canine urothelial carcinomas:
A cross-sectional study

Fabio Gentilini® I

Tolulope Grace Ogundipe?

Roberta Salaroli*® |
| Augusta Zannoni® |

Raimondo Tornago®? | MariaElenaTurba® |

Monica Fornil I

Michela Campigli* | Tommaso Furlanello®

1Department of Veterinary Medical Sciences,
University of Bologna, Ozzano dell'Emilia,
Bologna, Italy

2Centro veterinario Meranese, Merano, BZ,
Italy

3Genefast srl, Forli, Italy

“4Veterinary Clinic and Laboratory San Marco,
Veggiano, Padua, Italy

Correspondence

Fabio Gentilini, Department of Veterinary
Medical Sciences, University of Bologna,
Ozzano dell’Emilia, Bologna, Italy.

Email: fabio.gentilini@unibo.it

Present address
Raimondo Tornago, Centro veterinario
Meranese, Merano, BZ, Italy

Abstract

Background: In humans, there is a growing body of evidence that neoangiogenesis is
crucial for tumour growth and progression in urothelial carcinomas (UC) which also
typically exhibit overactivation of the RAS-MAPK pathway. In canine UC (cUC), the
same pathway has been aberrantly activated due to V595E BRAF variant and BRAF
inhibitors has been evaluated as more effective treatment. However, BRAF inhibition
is hampered in humans by rapidly occurring of chemoresistance. Targeting angiogene-
sis has been speculated to increase the effectiveness of BRAF inhibitors and to delay
the development of chemoresistance.

Obijectives: This study aimed to investigate the level of angiogenic markers in urine
samples of UC affected dogs (n = 15) in comparison to an unmatched control group
(n = 16) along with the clinical, morphological and molecular features.

Methods: In urine, both vascular endothelial growth factor (VEGF) concentration,
using an ELISA assay, and MMP2 and 9 activities, using the zymographic assay, were
measured. BRAF analysis was carried out using a digital PCR method.

Results: Urinary VEGF concentration (mean pg/g_uCrea 6.9 + 27.7 vs. 1074 + 1797,
p < 0.01) and MMP activity (mean 6.8 x 10° + 9.2 x 106 vs. 2.5 x 107 + 2.3 x 107,
p < 0.05) were higher in affected dogs than in healthy controls. Urinary active MMP9
was significantly correlated with T3 stage, it was absent in dogs with undetectable
VEGEF and it correlated well with urinary VEGF concentration. In this cohort, 10/10 UC
affected dogs exhibited the V595E BRAF variation.

Conclusion: The findings are consistent with the presence of overactive neoangio-
genesis in cUC. Urinary active MMP9 may be suitable for use as tumour progression
biomarker. The addition of angiogenesis targeting may be rationale for novel therapeu-

tic strategies.
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1 | INTRODUCTION

Bladder cancer encompasses ~2% of all naturally occurring cancers in
dogs. Among these, urothelial carcinoma (UC) is the most common with
anincreasingincidence over the last 30 years (Cannon & Allstadt, 2015;
Fulkerson & Knapp, 2015; Knapp et al., 2014). It is typically diagnosed
in older female and neutered dogs are at increased risk (Knapp et al.,
2014). Although the cause of UC is multifactorial, environmental fac-
tors, such as household insecticide use and herbicide exposure, play a
strong role, as does genetic background in predisposed breed as Scot-
tish Terriers (Glickman et al., 2004; Luethcke et al., 2019). Canine UC
(cUC) shares many features with its human counterpart including epi-
demiology, clinical signs, biological behaviour and response to therapy,
in addition to macroscopic, histopathological and molecular features
(De Brot et al., 2018). For that reason, most grading systems are based
onthe WHO scheme which includes cellular atypia, cellular and nuclear
pleomorphism, mitotic activity, depth of invasion, and lymphovascu-
lar invasion (Owen, 1980; Patrick et al., 2006; Valli et al., 1995). More
recently, a two-tier grading system has been suggested to better rep-
resent the canine pathology (Avallone et al., 2021). Regardless of the
systems used, most cUCs are high grade (Avallone et al., 2021; Owen,
1980; Patrick et al., 2006; Valli et al., 1995).

Based on growth pattern, UCs are further classified into papillary
or nonpapillary and infiltrating or noninfiltrating tumours (Meuten &
Meuten, 2016).

The survival and proliferation of tumour cells depends upon an ade-
quate blood supply to prove oxygen and nutrients. Indeed, rapidly
growing tumours are more heavily vascularized. The accelerated
growth of tumour cells leads to a hypoxic microenvironment which
in turn stimulates angiogenesis via vascular endothelial growth factor
(VEGF) secretion (You et al., 2021; Zhang et al., 2020). During angio-
genesis, new vessels emerge from existing endothelial lined vessels
together with degradation of the vascular basement membrane and
remodelling of the extracellular matrix (ECM), followed by endothelial
cell migration, proliferation and de-novo generation of matrix compo-
nents (Quintero-Fabian et al., 2019). Degradation of the ECM involves
various different proteases of which the most crucial are the MMPs.
Activated MMPs also participate in tumour neovascularization and
subsequent metastasis. The angiogenic response is thus directly and
indirectly mediated by VEGF and MMPs through modulation of the
balance between pro- and anti-angiogenic factors (Jabtonska-Trypué
et al.,, 2016). This explains the prognostic power of VEGF and of its
ever-growing related biomolecules such as matrix metalloproteinases
2 (MMP2) and 9 (MMP9) (Aresu et al., 2014; Folkman, 1971; Hao
et al., 2007; Lugano et al., 2020; Massimini et al., 2021). Interestingly,
microarray studies of canine invasive UC have indicated the presence
of luminal and basal cUC subtypes similar to those found in human
invasive UC and, among others, the enriched gene MMP9 is found
in invasive basal tumours, but not in luminal tumours (Dhawan et al.,
2015). Although there are marker similarities between human UC and
its canine counterpart, differences also exist. For example, although

activating mutations in the MAPK pathway occur in invasive UC of both

species, BRAF mutations are common in dogs (79.0%-90.9%) but rare
in humans (Decker et al., 2015; Dhawan et al., 2018; Fulkerson et al.,
2017; Gentilini et al., 2022; Mochizuki et al., 2015; Tagawa et al., 2020)
BRAF is part of the MAPK signalling pathway and its activating muta-
tions lead to uncontrolled cell growth (Ghosh & Chin, 2009; Haluska
et al,, 2006; Quintero-Fabian et al., 2019).

In fact, the V595E variation of the BRAF oncogene is one of the
most important driver mutations of cancer and thus it may repre-
sent a key therapeutic target. In recent years, three BRAF inhibitors
specifically intended for BRAF activating mutations have been mar-
keted and one of these is being evaluated for use in dogs (Bollag
et al., 2010; Flaherty et al., 2012; Roskoski, 2019; Rossman et al.,
2021). Unfortunately, their effectiveness is hampered by develop-
ment of chemoresistance via reactivation of the MAPK pathway or
the activation of alternative signalling pathways (Holderfield et al.,
2014; Samatar & Poulikakos, 2014). It is increasingly evident that
combination therapy either by concurrent targeting of additional pro-
teins in the MAPK signalling pathway or by targeting angiogenesis
is required to delay chemoresistance. In fact, combined therapy with
BRAF inhibitor and the antiangiogenesis drug bevacizumab may act
synergistically against tumour growth (Comunanza et al., 2017). The
complex interplay between VEGF and BRAF mutations and the corre-
lation between angiogenesis and the evolution of BRAFV600E kinase
inhibitor-acquired resistance are still poorly understood.

This study is aimed to investigate the level of angiogenic markers
VEGF, MMP2 and 9 along with other features of the cUC to support
an evidence-based therapeutic approach targeting angiogenesis in this

tumour.

2 | METHODS
2.1 | Clinical cases and samples

The medical records of 15 dogs diagnosed with UC of the bladder which
had their respective urine stored frozen were retrieved. The 15 cases
had a histologic diagnosis of UC (n = 13) or cytological evidence of the
disease (n = 2). The histological sections and cytological smears were
from biopsies or brushes collected endoscopically or by surgical exci-
sion. Urine was collected either by spontaneous micturition (n = 12) or
via catheterization (n = 3). An unmatched control group of 16 frozen
stored urine represented by leftovers diagnostic samples was selected
and retrieved by searching the medical records for dogs which had
undergone to urinalysis for routine controls as neutering, dental care
or routine screening for vaccination. The dogs underwent a complete
clinicopathological examination including biochemical panel with C-
reactive protein measurement, complete blood count including blood
smear examination, serum capillary electrophoresis, urinalysis includ-
ing dipstick, sediment examinations and biochemical urinary panel
and complete haemostatic profile including ATIIl and d-dimers/FDP
measurements. The dogs retrospectively evaluated healthy based on

unrewarding findings and whose urines were available were included.
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2.2 | Histology and cytology

Tissue samples were collected into 10% neutral-buffered formalin and
allowed to fix for at least 24 h. Samples were processed, embed-
ded in paraffin wax, sectioned and stained with hematoxylin and
eosin for routine histopathological examination by a board-certified
anatomic pathologist. Urine was centrifuged at 800 x g for 5 min.
The supernatant was removed and transferred to a separate tube. The
pellet was mixed using a vortex mixer and used to make cytological
smears stained with modified May-Grunwald Giemsa and cover slipped
for cytological examination by a board-certified clinical pathologist.
In 13 cases out of 15 the diagnosis was made based upon histol-
ogy, whereas the remaining case diagnosis was based on cytological

evaluation.

2.3 | Urinary total protein and creatinine
measurement

Urinary total proteins were measured using a pyrogallol red assay,
whereas urinary creatinine (U crea) was measured using the kinetic
modification of the Jaffe procedure. Both methods were automatized
on the AU2700 chemistry analyser (Beckman Coulter) and calibrated
using specific urinary calibrators (OS system reagents).

2.4 | Vascular endothelial growth factor urinary
concentrations

Urinary VEGF concentration was measured using a commercial ELISA
kit (LifeSpan Biosciences), recommended for use with dog urine,

following the manufacturer’s instructions.

2.5 | Zymography and MMP2 and 9 activity
urinary quantification

Urine MMP2 and 9 (proenzymes and active enzymes) were measured
by gelatin zymography as previously described with some modifica-
tions (Gentilini et al., 2005). Briefly, MMP2 and MMP9 activity was
analysed on 10% Tris-Glycine polyacrylamide precast gels with 0.1%
gelatin (Novex 10% Zymogram Gelatin Gels, Invitrogen UK). A vol-
ume of 5 uL of samples were mixed with an equal volume of sample
buffer (Tris-Glycine SDS Sample Buffer 2X, Invitrogen UK) and loaded
in the gel wells. Electrophoresis was performed at a constant voltage
of 125V for 90 min in Tris-Glycine SDS running buffer 1x (Novex Tris-
Glycine SDS Running Buffer, Invitrogen UK). An MMP2 and MMP9
human standard (Chemicon International) was run together on the
same gel. Following electrophoresis, the gels were washed for 30 min
in renaturating buffer 1x (Zymogram Renaturating Buffer, Invitrogen
UK), equilibrated at room temperature for 30 min in developing buffer
1x (Zymogram Developing Buffer, Invitrogen UK) and then incubated
with a fresh aliquot of the same buffer at 37°C for 48 h in order

to increase test sensitivity, especially for MMP2 which resulted in all
cases much fainter than MMP9. Bands of gelatinolytic activity were
developed after staining gels for 1 h with Simply Blue Safe Stain (Invit-
rogen UK) then the gels were destained overnight in deionized water.
Gelatinolytic bands corresponding to canine MMP2 and MMP9 were
identified on the basis of the molecular weight of approximately 68 and
92 kDa, respectively, as described by Bergman et al. (2007) and Leib-
man et al. (2000). Gel images were captured with computerized system
(ChemiDoc Imaging System, Bio-Rad) and gelatinolytic bands were
measured with densitometric analysis software (Image Lab, Bio-Rad).

The resulting data are expressed as arbitrary units.

2.6 | V595E variant detection

The genomic DNA (gDNA) was purified from all the formalin-fixed
paraffin-embedded (FFPE) slides which could be retrieved (n = 10)
using the Maxwell RSC DNA FFPE Kit run on an automated extrac-
tor (Maxwell RSC 48, Promega) which relies on a magnetic particle
mover and paramagnetic beads. Three histological slides and the only
two cytological smears could not be recovered.

The V595E BRAF variation detection was carried out using a digital
PCR (dPCR) assay previously validated (Gentilini et al., 2022). Briefly,
using the following procedures: The dPCRs were carried out using a
mixture containing 1x of master mix (QuantStudio 3D Digital PCR
Master Mix v2; Thermo Fisher Scientific), 1x of primer mix (TagMan
SNP Genotyping Assay, Thermo Fisher) and 2 uL of gDNA template and
molecular biology grade water to reach a final volume of 20 uL. The
PCRs were carried out using a three-step protocol: initial denaturation
at 95°C for 10 min followed by 40 cycles at 95°C for 30 s, 60°C for
2 min and 71°C for 2 min. Then, the reaction mix is loaded on a chip
(QuantStudio 3D Digital PCR 20K Chip Kit v2), the chip is sealed and
placed in the Flex 2 x Flat PCR System for thermal cycling (Thermo
Fisher). At the end, the chip is inserted into the chip reader (QuantStu-
dio 3D Digital PCR instrument) and analysed using the QuantStudio 3D
AnalysisSuite Software. Only chips with at least 17 500 wells correctly
read were considered adequate and analysed.

2.7 | Statistical analysis

Descriptive statistics were carried out using Microsoft Excel, includ-
ing the Analyse-it package Software. Correlation analysis of angiogenic
factors: activated MMP2, activated MMP9, proenzyme of MMP2,
proenzyme of MMP9 and VEGF included the calculation of both Spear-
man’s rs and Kendall’s tau correlation factors. Comparison between
groups, testing the null hypothesis that groups (healthy controls and
UC affected dogs) were not different, were carried out using the
Wilcoxon-Mann-Whitney test. The multiple comparisons of angio-
genic factors between the stages were carried out using the Tukey-
Kramer test. The survival curves were calculated with the Kaplan-
Meier estimates method using the Stata v.11.0 software. In any case a

p value <0.05 were considered statistically significant.
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TABLE 1 Description of urothelial carcinoma-affected cohort and unmatched control group.

Healthy
Age 6.5(3-10)
Sex Male 10 (62.5%)-female 6 (37.5%)

Weight (median range) 23.5(4.5-64.7)

Breeds 4 Mixed breeds
2 West highland white terriers
2 Labrador retrievers

1 Each: Alaskan Malamute, Miniature Poodle,
Shiba Inu, Maltese, Siberian Husky, German
Shepherd, Golden Retriever and Pitt Bull

3 | RESULTS

Overall, 15 cases of cUC were included in the study. The affected
dog’s cohort included eight mixed-breed dogs, two Scottish Terrier
dogs and five dogs of different other breeds. All diseased dogs ranged
between 8 and 13 years of age (median 11 years). Eleven affected
dogs were female, whereas four were male. The median weight was
12.0 kg (range: 4.4-35.0 kg; first quartile 8.1 kg; third quartile 17.3 kg).
The unmatched control group was different from the affected dogs’
group for the factors sex (males overrepresented: 62.5% vs. 26.6%,
p < 0.05) and age (control were younger: mean (range): 6.5 (3-10) vs.
11 (8-13, p < 0.01), whereas the weight was not different (Table 1).
The significant features of the UC affected dogs’ group are reported
in Table 1. The staging was accomplished using computed tomography
in 10 out of 15 (66.7%), chest radiographs in 7 out of 15 (46.7%), blad-
der endoscopy in 9 out of 15 (60.0%), ultrasonography in 5 out of 15
(33.3%) or combinations thereof. According with the WHO staging sys-
tem one case was an in situ carcinoma (Tis/NO/MO), five cases were
T1/NO/MO, five cases were T2/NO/MO and four cases were T3 with-
out (n = 2) or with (n = 2) nodal involvement (Humphrey et al., 2016;
Knapp et al., 2014; Owen, 1980). Eleven out of 15 cases had under-
gone therapy with either NSAID (meloxicam n = 2, piroxicam n = 6
and others n = 1), antiblastic drugs (mitoxantrone n = 5, carboplatin
n = 3, vinblastine n = 1 and not specified n = 1) or surgery (n = 3) under
different combinations. In all cases, antiblastic therapies were insti-
tuted after the diagnosis had been made. Complete follow up until the
fatal outcome was available for 10 out of 15 cases (66.7%). The over-
all median survival time was 152 days (25th-75th percentile: 24-574
days) (Figure S1A). Those subjects diagnosed at stage 3 had survival
time significantly shorter than stage 2 (Figure S1B).

Urinary concentrations of VEGF were expressed either as such
(Figure 1a) or dilution-normalized by dividing their concentration for
the U crea as mg/dL (Figure 1b). Complete VEGF findings in UC-
affected, and healthy dogs are reported in Figure 1. Urinary VEGF
concentrations were higher in affected dogs than healthy controls
(mean pg/g_uCrea: 1074 + 1797 vs. 6.9 + 27.7, p < 0.01). Three dogs
showed very high VEGF concentrations. Unfortunately, no clues could
be drawn on the meaning of these outliers; they were either stage 1, 2
or 3, two dogs were mixed-breed, two dogs weighted below 10 kg, two

were females and two were neutered. The only common feature shared

Affected p Value
11(8-13) <0.001
Male 4 (26.6%)-female 11 (73.3%) 0.045
12.0(4.4-35.0) 0.166
8 Mixed breeds

2 Scottish Terriers

1 Each: Lagotto Romagnolo, Alaskan
Malamute, Beagle, Labrador Retriever and
Fox Terrier
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FIGURE 1 Box-plot graphs comparing urinary VEGF
concentration as such (pg/mL) (a) or corrected for the concentration of
the urine (pg/g crea) (b) between groups (green: healthy dogs; blue:
urothelial carcinoma affected dogs). VEGF, vascular endothelial
growth factor; crea, creatinine.

VEGF (pg/g crea)

by all three dogs was that all three dogs had detectable activated
MMP9 compared with the 6/15 (40.0%) of all the cohort. Conversely,
six dogs without detectable VEGF in their urine were more homoge-
neously characterized being four T1 stage, including the only in situ
carcinoma, and two T2 stage and no one has activated MMP9 in their
urines; furthermore, 5/6 (83.3%) were neutered females compared
with the 11/15 of the entire cohort (73.3%). Finally, both the Scot-
tish Terriers in this study belong to this subgroup having undetectable
VEGF and aMMP9. In total, MMPs urinary activity as measured as
zymolytic activity (Figure 2a) were higher in the UC-affected dogs
when compared with healthy dogs (Figure 2b): aggregate MMPs mean
6.8 x 106 + 9.2 x 10° vs. 2.5 x 107 + 2.3 x 107, p < 0.05; pMMP2
1.1 x 10% + 2.2 x 108 vs. 3.6 x 10% + 3.0 x 10%, p < 0.05; aMMP2
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FIGURE 2 (a) Example of gelatinase activity in canine urine from
urothelial carcinoma-affected and healthy control dogs. Lane 1-5:
healthy control dogs; lane 6-11: carcinoma-affected dogs; lane 12
human MMP9 (p: proenzyme and a: active enzyme) and MMP2 (p:
proenzyme and a: active enzyme) standard (b) box-plot graphs
comparing relative abundance of proenzymes (pMMP9 and pMMP2),
active enzymes (aMMP9 and aMMP2) and total metalloproteinases 9
(pMMP9 + aMMP9) and 2 (pMMP2 + aMMP2) between groups
(green: urothelial carcinoma affected dogs; blue: healthy dogs) as
determined by densitometric analysis expressed as means + SEM.
and ¥ statistically significant difference for p < 0.05 and p < 0.01,
respectively. AU, arbitrary unit; MMP, matrix metalloproteinase.

k)

2.4 % 10° + 7.5 x 10° vs. 4.7 x 10® + 9.9 x 106, p < 0.01; pMMP9
54 x 106 + 7.4 x 10° vs. 1.4 x 107 + 1.1 x 107, p < 0.05; aMMP9
8.0x 10% + 2.2 x 10° vs. 2.6 X 10% + 4.1 x 108, p < 0.05. The source of
MMPs activity is unlikely to be derived from the leukocytes; in fact, sed-
iment examination showed that 9/15 cases did not have white blood
cells at high-power field (WBC/HPF at 400x) while the remaining cases
had low values ranging between 1 and 6 WBC/HPF. The number of
WBC/HPF is not correlated to MMPs activity (Spearman’s rs = 0.16,
p=0.94) (Figure S2).

Correlation analysis of angiogenic factors showed that VEGF bet-
ter correlates with aMMP9 (Spearman’s rs 0.499), and pMMP9 with
pMMP2 (Spearman’s rs 0.687) and aMMP2 (Spearman’s rs 0.606)
(Figure 3a,b).

Finally, higher levels of aMMP9 (stage 1 vs. stage 3:
1.1 x 106 + 2.6 x 106 vs. 7.0 x 10® + 5.4 x 10%, p < 0.05; stage 2

vs. stage 3: 0.9 x 106 + 1.5 x 106 vs. 7.0 x 10% + 5.4 x 108, p < 0.05)
were found in those dogs with T3 stages (Figure 4).

BRAF variant V595E could be tested in 10 out of 15 sample and
all (10/10) were positive for the variant. The 10 cases investigated
with V595E testing included one case of in situ carcinoma (Tis/NO/MO),
2 cases were T1/NO/MO, 5 cases were T2/NO/MO and 2 cases were
T3/NO/MO.

4 | DISCUSSION

The main conclusions of this study are that angiogenic mechanisms are
overly active in cUC and that some of the markers, such as aMMP?9,
increase with tumour stage. The study also supports the possibil-
ity that active MMP9 is the more reliable markers of cUC tumour
progression being significantly correlated with T3 stages and the
most correlated with urinary VEGF concentration. The high preva-
lence of the V595E BRAF variation (10/10 dogs) meant that it was
not possible to investigate its relationship with the angiogenesis
switch.

It is well established that early signs of UC in dogs may be sub-
tle and may go unnoticed until more severe signs develop; hence, at
diagnosis approximately 90% of tumours are stage T2 or T3 (McMillan
et al.,, 2012; Vilar et al., 2004). Similarly, in our study most cases were
diagnosed at advanced T2 or T3 stages. Thus, unlike in human UC, com-
plete excision of cUC is rarely possible because of location and local
invasion (McMillan et al., 2012; Vilar et al., 2004). Consequently, par-
tial cystectomy, chemotherapy and cyclooxygenase inhibitors are the
mainstay of treatment for primary and metastatic UC in dogs. However,
remission rates for combination therapy with platinum agents and cox
inhibitors are only 35%-50% (McMillan et al., 2012; Mohammed et al.,
2003; Knapp et al., 2013). This highlights the importance of considering
alternative therapeutic targets and designing new tests to enable diag-
nosis earlier in the course of disease. In this regard, it is worth noting
that only two dogs in this study had undetectable levels of both urinary
VEGF and aMMP at the time of diagnosis. Further studies should be
carried out to determine the role, if any, of VEGF and aMMP9 for the
early detection of UC in urine of dogs considered to be at an increased
risk of UC.

This study has several limitations since it is retrospective in nature
and since a limited number of dogs with cUC were enrolled. Fur-
thermore, the use of surplus patient urine samples for the control
group meant that these samples were not matched for age or sex
with the cohort of diseased dogs. Nevertheless, to our knowledge the
only study investigating the effect of age and sex on the concentra-
tion of angiogenic factors in human urine did not find any significant
differences (Monier et al., 2002). Although the control group con-
tained dogs retrospectively judged to be healthy based on physical
examination and thorough clinicopathology analyses, we cannot com-
pletely rule out occult disease or undisclosed medications. However, in
the event of occult disease, we would have expected increased activ-
ity/concentration of the angiogenic markers, thus reducing rather than

overestimating any differences with the cUC group.
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Despite these limitations, it is clear that, particularly in T3 stages
cUC, all angiogenic factors were consistently increased and reached
significance in case of aMMP9. Higher values of urinary VEGF were
associated with aMMP9 while the absence of detectable VEGF in urine

was associated with absence of aMMP9 and lower tumour stages.
This suggests that angiogenesis is crucial in sustaining tumour growth
and local invasion and implies that angiogenesis is not induced by
antiblastic treatments being already active at the sampling time.
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MMP9 has a prominent role in cancer progression. Recently, a
canine expression signature capable of distinguishing luminal vs. basal
tumour subtypes has been identified and the enriched genes in basal
tumours included MMP9 (Dhawan et al., 2018). Other studies have
suggested that MMP9 activity levels are significantly enhanced in the
urine of human patients with highly invasive cancers, whereas urine
from healthy controls has no or very low MMP activities (Moses et al.,
1998; Sier et al., 2000). Additionally, Nutt et al. (2003) showed that
there was no significant relationship between urinary MMP9 activ-
ity and endothelial growth factor status of the tumour, and suggested
that MMP9 should be considered a drug development target for the
treatment of human bladder cancer. More recently, Yin et al. (2018)
reported that the levels of MMP9 and VEGF are higher in the prolif-
erative stage of infantile haemangioma than other stages and that both
MMP9 and VEGEF are likely to serve as markers for the development
of haemangioma. Therefore, new therapeutic drugs targeting MMP9
may be promising both in canine and human oncology. Indeed, the sim-
ilarities in underlying pathway aberrations help to confirm the role of
canine tumours as a spontaneous model for human UC. The findings
reported here strengthen the feasibility of cross-species assay suit-
ability for simultaneous parallel comparative oncology investigations
in canine and human bladder cancer patients and to further optimize
outcomes in both species.

BRAF inhibitors are being evaluated as novel therapies for cUC
(Rossman et al., 2021). In upcoming years, they will likely be introduced
as standard treatment in those tumours carrying BRAF activating
mutations. Despite their efficacy, long-term control of disease is lim-

ited by the chemoresistance which eventually develops. The interplay

between angiogenesis and the BRAF inhibitor-acquired resistance is
still poorly understood but it has been shown that RAS-MAPK pathway
overactivation and cell survival due to BRAF mutations and PI3K-
AKT pathway activating angiogenesis mutually magnify each other
throughout different key molecules (Figure 5). In particular, RAC1-
PAK pathway upregulation sustains both tumour angiogenesis and the
RAS-MAPK pathway eventually counteracting the BRAF inhibitors (De
et al., 2019). Another less clear mechanism involves tumour-secreted
IGF1 activating the IGF1/IGF1R axis and leading to BRAF inhibitors
chemoresistance through vascular remodelling (Figure 5) (Xu et al.,
2022).

In conclusion, neoangiogenesis processes are active in cUC. This
study fosters further efforts to determine the precise role of target-
ing angiogenesis alone or in combination with molecularly targeted
therapy in the treatment and detection of cUC.
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