Received: 20 January 2024

Revised: 11 April 2024

W) Check for updates

Accepted: 12 April 2024

DOI: 10.1111/vc0.12978

ORIGINAL ARTICLE

Veterinary and
N wWiLEy

Effective detection of BRAFY>?>E mutation in canine urothelial
and prostate carcinomas using immunohistochemistry

Leonore Aeschlimann? |

Caroline Posthaus® |

Simone de Brot !~

nstitute of Animal Pathology, University of
Bern, Bern, Switzerland

2Laboklin GmbH & Co. KG, Bad Kissingen,
Germany

3Technical University of Munich, School of
Medicine, Institute of Pathology, Munich,
Germany

“Institute of Veterinary Pathology, University
of Zurich, Zurich, Switzerland

5School of Veterinary Medicine and Science,
University of Nottingham, Sutton
Bonington, UK

Correspondence

Simone de Brot, Institute of Animal Pathology,
University of Bern, 3012 Bern, Switzerland.
Email: simone.debrot@unibe.ch

Funding information
Albert Heim Foundation, Grant/Award
Number: 148

Alexandra Kehl?® |
Heike Aupperle-Lellbach??® |

Franco Guscetti® |
Sven Rottenberg? |

Abstract

Canine urothelial carcinoma (UC) and prostate carcinoma (PC) frequently exhibit
the BRAFY®?°E mutation, akin to the BRAFV6%%F mutation common in various
human cancers. Since the initial discovery of the BRAF mutation in canine cancers
in 2015, PCR has been the standard method for its detection in both liquid and
tissue biopsies. Considering the similarity between the canine BRAFY’?°t and
human BRAFY¢°%F mutations, we hypothesized that immunohistochemistry (IHC)
using a BRAFV¢%%E_specific antibody could effectively identify the canine mutant
BRAFY>?°E protein. We tested 122 canine UC (bladder n = 108, urethra n = 14),
21 PC, and benign tissue using IHC and performed digital droplet PCR (ddPCR) on
all 122 UC and on 14 IHC positive PC cases. The results from ddPCR and IHC
were concordant in 99% (135/136) of the tumours. Using IHC, BRAFV°?°E was
detected in 72/122 (59%) UC and 14/21 (65%) PC. Staining of all benign bladder
and prostate tissues was negative. If present, mutant BRAF staining was homoge-
nous, with rare intratumour heterogeneity in three (4%) cases of UC. Additionally,
the BRAFY??°E mutation was more prevalent in tumours with urothelial morphol-
ogy, and less common in glandular PC or UC with divergent differentiation. This
study establishes that BRAFY¢®°-specific IHC is a reliable and accurate method
for detecting the mutant BRAFY>?°E protein in canine UC and PC. Moreover, the
use of IHC, especially with tissue microarrays, provides a cost-efficient test for
large-scale screening of canine cancers for the presence of BRAF mutations. This
advancement paves the way for further research to define the prognostic and
predictive role of this tumour marker in dogs and use IHC to stratify dogs for the
treatment with BRAF inhibitors.
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1 | INTRODUCTION

Urothelial carcinoma (UC) of the bladder and urethra is the most com-
mon lower urinary tract tumour in dogs.! 3 Due to the propensity of
distant metastases and the anatomic location, the long term prognosis
is poor and cure is rare; however, many dogs with UC that receive
treatment can have improved quality for relatively long periods of
time.1-2

There is a significant predisposition for Scottish Terriers, West
Highland White Terriers, Shelties and others breeds for tumour devel-
opment, and other risk factors include female sex and being spayed or
neutered.>"¢ The high breed predisposition indicates an underlying
genetic basis for the disease.®>*™ In multiple studies, the activating

BRAFY>?°E mutation, the canine homologue of human BRAFV600E

was
identified as somatic driver mutation to be frequently present in
65%-87% of UC of dogs.t>*®1011 BRAF is a serine-threonine pro-
tein kinase and immediate downstream effector of RAS. It activates
the MAP kinase extracellular signal regulated kinase (MEK), which
then phosphorylates extracellular signal-regulated kinases 1 and
2 (ERK1 and ERK?2), and thereby orchestrates cell growth, differentia-
tion, proliferation, senescence and apoptosis.'?

FV40%F mutation is particularly prev-

L

In humans, the activating BRA
alent in melanoma, where it is present in nearly half of the cases.
significantly increases protein kinase activity, resulting in constitutive
BRAF-MEK-ERK signalling that drives tumour growth.2* The high fre-
quency of the BRAFV6E mutations in melanoma and other human
cancers, including colorectal and thyroid carcinoma, implies that this
oncogene may be an attractive therapeutic target. Indeed, in recent

FV60% mutations

years, various inhibitors that specifically target BRA
(e.g., vemurafenib, dabrafenib and encorafenib) have successfully
entered the clinic.1* Hence, in addition to being a diagnostic and prog-
nostic marker, the BRAF mutation has also predictive relevance.*>*¢

Interestingly, canine UC and human muscle-invasive bladder can-
cer share many similarities at the cellular and molecular level, with
similar propensity and site of metastases, as well as response to ther-
apy.23*1718 The dog is therefore considered a highly relevant animal
model for studies of human UC.31* However, in contrast to dogs,
BRAF mutations are only sporadically described in human muscle-
invasive UC 11:17:1?

In canine cancers, the BRAF>?°E mutation is not only prevalent in
UC of the bladder and urethra but also in prostatic carcinomas
(PC),%2° while it remains absent in other investigated canine cancer
types.® Canine PC shares the high metastatic potential and invasive
nature with UC.2? It may also originate from various epithelial tissues
in the prostate, mirroring human prostate cancer.?? The exact cellular
origin of canine prostate cancer often remains elusive due to small
biopsy samples and the complex nature of these tumours character-
ized by varied differentiation, significant inflammation and necrosis.?®
This complexity raises questions about the exact role of the BRAFV>?°E
mutation in canine prostate tumours: is it a characteristic of UC in the
prostatic urethra, true prostate adenocarcinoma or both?%2°
For the detection of BRAF mutations in human cancer multiple

methods exist, including Sanger sequencing, pyrosequencing,

next-generation sequencing, immunohistochemistry (IHC) and
PCR.2472% Test sensitivity, specificity, cost, turnaround time and
requirements for equipment and experienced staff vary between the
different methods. Most commonly, initial detection of cases with
BRAFY4%F or its corresponding mutant protein is performed by IHC,
in combination with a molecular test.

In contrast, in dogs, PCR, either quantitative (qPCR) or digital
(dPCR), is currently the only well-established method to detect the
BRAFV>?°E mutation.2>?” Both PCR techniques are highly specific,
however, dPCR outperforms gPCR due to its higher sensitivity.28
PCR can be performed using liquid or tissue biopsies, including
urine, cytologic smears or formalin-fixed paraffin-embedded (FFPE)
material.2? However, as with any diagnostic tool, there are certain
limitations. The specific PCR for detecting BRAFV>?°E is not available
in all diagnostic institutions and alternative test methods for canine
samples are currently lacking. For screening a larger series of cases
by PCR, sample pooling is possible, but does not allow to separate
test results for the individual cases. Furthermore, spatial analysis of
the mutation, including the evaluation of intratumour heterogeneity
or the correlation of mutation with defined histopathologic features,
is not possible using PCR. IHC provides a cost-efficient and widely
established alternative test method to address these limitations.
Indeed, IHC is one of the most frequently used methods for the

evaluation of BRAFY69%F

mutation status in human medicine, and is
especially valuable because it provides spatial information and can
detect intratumoural heterogeneity.°

Studies reporting the performance of IHC for mutated BRAF pro-
tein detection are currently lacking in the veterinary literature. Due to
the homologous mutation of canine and human BRAF, we hypothe-
sized that IHC for anti-human BRAFV¢®°E protein would reliably
detect BRAFY>?°E protein in canine tissue. In order to investigate this,
we evaluated 143 cases of canine UC and PC with different mutation
status by IHC and compared these results with the corresponding dig-
ital droplet PCR (ddPCR) test results.

2 | MATERIALS AND METHODS

21 | Samples

FFPE canine tissue of 108 bladder UC, 14 urethra UC, 21 PC (pros-
tatic urethral UC and prostatic adenocarcinomas) and 60 benign pros-
tate were included (normal mature n = 11; normal pre-puberty
n = 15; prostatitis n = 11; hyperplasia n = 11; castration induced
atrophy n=12). In 30 and one cases of UC and PC, respectively,
benign tissue was also available adjacent to tumour tissue, which
included benign urothelium or non-neoplastic prostate gland. For all
cases, FFPE tissue blocks and tissue microarrays (TMAs) were avail-
able. TMAs were created with the TMA Grand Master (3DHistech,
Budapest, Hungary) with multiple (1-10) cores for each tumour and
core diameters of 0.6 mm. The following case information was pro-
vided: age at the time of biopsy sampling, sex, neutering status and

dog breed. For UC, the most common breeds were crossbreed

85UBD1T SUOWWOD SARES.ID 3|qedtjdde ayp Aq peusenob 818 s3Ik VO ‘88N JO S3IN1 04 A%eiq 1 8UIUO AB|IAA UO (SUOHIPUOO-PUE-SWLBHWO0D" A8 | 1M Aeiq)1|Bu | JUO//:SdnY) SUORIPUOD pue SWie L 8U} 885 *[202/70/62] U0 Arelqi aulluo Ao|IM ‘ueg TeyseAIUN Aq 86T 0OATTTT 'OT/I0P/W00 A3 1M AreIq Il |uO//SONY WO papeojumod ‘0 ‘62859LYT



AESCHLIMANN ET AL.

(h = 25), Labrador Retriever (n = 12), Cocker Spaniel (n = 8), West
Highland White Terrier (n = 7), Jack Russell Terrier (n = 6), Cavalier
King Charles Spaniel (n = 6), and Scottish Terrier (n = 5) (complete
breed list provided as supporting information). Out of 122 UC cases,
83 (68%) dogs were female (63 neutered, 2 intact, 18 of unknown
neutering status), 39 (32%) were male (22 neutered, 3 intact, 14 of
unknown neutering status). The mean age at diagnosis was 10 years
(range 4-14 years). For prostate tumours, the following breeds were
represented: Labrador Retriever (n = 8), Jack Russell Terrier (n = 2),
Yorkshire Terrier (n = 2), Cross breed (n = 2), Fox Terrier (n = 1), Staf-
fordshire Bullterrier (n = 1), Welsh Corgi (n = 1), Rottweiler (n = 1),
Border Collie (n = 1) and Belgian Shepherd (n = 1). Out of 21 PC
cases, 16 (80%) dogs were neutered, 3 dogs were intact and one of
unknown neutering status. The mean age at diagnosis was 9.5 years

(range 6-13 years).

2.2 | Histology

Haematoxylin and eosin (HE) stained tissue sections were prepared
from all TMAs and from all corresponding FFPE blocks. Slides were
then scanned using the NanoZoomer S360MD Slide scanner system
(Hamamatsu Photonics, Shizuoka, Japan) for digital evaluation using
the NDP.view2 viewer (HAMAMATSU Photonics K.K., Hamamatsu
City, Japan). Bladder and urethral tumours were classified as either
low- or high-grade UC based on the most recent canine grading sys-
tem of Meuten.®' Furthermore, these tumours were categorised
based on their histomorphology as: (1) conventional urothelial,
(2) urothelial with divergent (glandular, squamous or both) differentia-
tion or (3) other (anaplastic or other differentiation). Prostate tumours
were categorised based on the most recent classification system by
Palmieri et al.3? as (1) glandular (adenocarcinoma), (2) urothelial or

(3) mixed (any combination of urothelial, glandular or other).

23 | Immunohistochemistry

IHC was initially performed on TMAs and, in a second step, on
38 (n =36 UC, n = 2 PC) corresponding FFPE blocks which showed
positive staining on the TMA and which consisted of a large, typically
transmural, tumour tissue sample. Tissue blocks were cut using a
microtome and mounted on a microscope slide. Briefly, the FFPE tis-
sue was pretreated with ULTRA cell conditioning solution 1 (Tris
EDTA) for 72 min at 99°C and was then incubated with the mouse-
anti-human primary BRAF V600E mutation specific (VE1) antibody
from Roche Diagnostics (material number: 08033706001, catalogue
number: 760-5095) for 60 min at 36°C. For detection, the OptiView
DAB IHC Detection Kit (Ventana Medical Systems, Roche, Basel,
Switzerland) was used according to the manufacturer's instructions.
Slides were then scanned, and digitally reviewed (same scanner and
software as indicated above). The immunostaining was localized to
the cytoplasm and was categorised as either absent or present. Intra-

tumour staining was classified as either homogeneous (distributed
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regularly and evenly throughout the tumour tissue) or heterogeneous
(regional staining differences with focal or multifocal negative areas).
Non-neoplastic tissues as indicated above served as (internal) negative
control. Tissue from BRAF?°E mutated human colon carcinoma was
used as a positive control. For the validation of IHC positive canine
cases, ddPCR was performed individually for each case.

24 | Digital droplet PCR

In a first step, ddPCR was performed on all UC of the bladder and ure-
thra, independent of their IHC staining result. Based on the high con-
cordance of IHC and ddPCR in the UC cases, only IHC positive
prostate tumours were tested with ddPCR. For DNA extraction,
3 x 10 um sections were prepared from the FFPE full tissue blocks.
The extraction was performed using the QlAamp® DNA FFPE Tissue
Kit (Qiagen, Hilden, Germany) according to the manufacturer's
instructions. Isolated DNA was examined for the presence of the
BRAF mutation ¢.1784T > A by ddPCR using a mutation-specific
TagMan® assay as described by Mochizuki et al.2® Analysis was
performed using the DropletReader (Bio-Rad, Feldkirchen, Germany)
and the QuantaSoft™ Software (Bio-Rad, Feldkirchen, Germany). For
bladder and urethra UC with negative IHC result, ddPCR was
performed in pools of two. If the result from the pool was positive,
the ddPCR was repeated on the individual tissue blocks.

2.5 | Statistical analysis

Statistical analysis was performed with NCSS 2023 (23.0.2) software.
Pearson's Chi-Square test was performed to test for association of
BRAF mutation with tumour classification, neutering, sex and tissue
type; two-sample t-test was performed to test for differences in age
of dogs with BRAF-mutated versus non-mutated tumours. p < .05 was

considered statistically significant.

3 | RESULTS

3.1 | Histology

All bladder and urethra tumours were defined as high-grade carci-
noma, except for one case of low-grade bladder UC in an 8-years-old
male intact Labrador Retriever. The majority of these tumours corre-
sponded to a conventional UC (90/122; 74%). Half of the remaining
cases presented either as UC with divergent, squamous or glandular,
differentiation (16/122; 13%), or as non-urothelial or poorly differen-
tiated tumours (16/122; 13%). Inflammation of the tumour stroma
was common (108/122; 89%), characterized by a multifocal predomi-
nantly lymphoplasmacytic infiltrate of variable severity, with occa-
sional formation of lymphoid follicles. In transmural samples, invasion
into the muscular layer was observed in 20/40 (50%) cases. The

majority of prostate tumours were categorised as mixed carcinoma
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given their heterogeneous glandular, urothelial or poorly differenti-
ated histomorphology (10/21; 48%). Remaining cases were approxi-
mately equally either UC (6/21; 29%) or prostatic adenocarcinoma
with predominance of neoplastic acini, glands or ducts (5/21; 24%).
As for the bladder and urethra tumours, stromal inflammation was fre-
quent and consisted of a mixed population neutrophils and mononu-
clear leukocytes (18/21; 90%).

3.2 | BRAF V600E IHC

Following the identical antigen retrieval and staining protocol as recom-
mended for human tissue, canine tissue was immunolabelled with a
mutation-specific mouse monoclonal antibody that was raised against a

FV60%E mutated amino acid

synthetic peptide representing the BRA
sequence from amino acids 596-606. The sequence of this peptide
(GLATEKSRWSG) is identical to the canine BRAF>?°E protein.” The IHC
staining allowed direct visualization of the mutant protein in the tumour

tissue, at single-cell resolution. In contrast to the wild-type protein

which is located intranuclear, mutant BRAF is expressed in the cyto-
plasm, which was confirmed by the performed IHC staining in all cases.
Out of 122 cases of bladder and urethra UC, 70 (57%) were positive for
BRAFY%E |HC (Table 1). The majority of conventional UC stained posi-
tive (62/90; 69%), whereas the opposite was true for UC with divergent
(7/16; 44%) or non-urothelial differentiation (1/16; 6%). Positive immu-
nolabelling was characterized as homogeneous cytoplasmic, variably
intense, staining of tumour cells with sharp demarcation to surrounding
non-neoplastic tissue, which remained unstained (Figure 1). The transi-
tion of malignant to benign tissue was available in 28 out of 70 IHC
positive cases and the highly specific staining of tumour cells was con-
firmed in all cases. Intratumour staining was homogenous in all but
three tumours, where immunolabelling was more heterogeneous, with
multifocal negative areas or variations in staining intensity. In two of
these cases, staining variation corresponded to different histomorpholo-
gical differentiation, with positive staining for urothelial morphology
and negative staining in regions with divergent, non-urothelial differen-
tiation. The third tumour with heterogeneous immunostaining had dif-
fuse urothelial morphology and staining variation could not be

TABLE 1 BRAFY®?°E mutation status
of canine bladder and urethra tumours

Bladder and urethra carcinoma ddPCR

Histological subtype IHC Positive

Conventional urothelial Positive 62
Negative 1

Urothelial with divergent differentiation Positive 7
Negative 0

Non-urothelial or poorly differentiated Positive 1
Negative 0

Total 71

Abbreviations: ddPCR, digital droplet PCR; IHC, immunohistochemistry.

(A . ©

Negative Total tested by ddPCR and IHC. All cases with
0 62 positive IHC were confirmed by ddPCR

with consistent results. One small sample
27 28 of bladder UC stained negative with IHC,
0 7 but was found to be BRAF mutated by

9 ddPCR.

0 1
15 15
51 122

FIGURE 1 Two cases of
BRAFY>?°E mutated canine
bladder urothelial carcinoma with
diffuse cytoplasmic staining,
BRAFEV600E
immunohistochemistry.

(A) Overview of the first case, size
bar indicates 2.5 mm. (B) Higher

magnification of (A), showing the
transition of tumour to benign
tissue demonstrating highly
specific staining of tumour cells
with negative staining of adjacent
benign urothelium. Size bar
indicates 50 um. (C) Overview of
the second case, size bar
indicates 2.5 mm. (D) Higher
magnification of (C), size bar
indicates 50 um.
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explained by variation in tumour morphology. The single case with low-
grade UC had negative IHC staining.
Out of 21 PC, 14 (65%) were positive by IHC, with homogenous

intratumour staining of glandular, urothelial and mixed carcinomas

TABLE 2 BRAFY*?°E mutation status of benign and malignant
canine prostate tissue tested by ddPCR and IHC. All cases with
positive IHC were confirmed by ddPCR with consistent results.

ddPCR
Prostate lesion IHC Positive Negative NP Total
Adenocarcinoma Positive 1 0 1
Negative 4 4
Urothelial carcinoma  Positive 5 0 5
Negative 1 1
Mixed carcinoma Positive 8 0 8
Negative 2 2
Non-neoplastic Positive 0
Negative 65 65
Total 14 0 72 86

Abbreviations: ddPCR, digital droplet PCR; IHC, immunohistochemistry;
NP, not performed.

Veterinary and 5
IR wiey-L

(Table 2). All tested benign prostate tissues (n = 60) stained negative
(Figure 2). Occasional non-specific IHC staining was seen in low num-
bers of stromal leukocytes, predominantly plasma cells, characterized

by weak cytoplasmic immunolabelling.

3.3 | digital droplet PCR

All 122 bladder and urethra UC were tested by ddPCR, which confirmed
a high specificity (100%) and sensitivity (99%) of the BRAF IHC (Table 1).
All 70 cases with positive IHC staining were confirmed to be BRAF
mutated by ddPCR. Out of 52 UC with negative IHC, 51 cases were con-
firmed to be negative by ddPCR. The one remaining IHC negative tumour,
which was tested BRAF positive by ddPCR consisted of a very small tis-
sue sample of a conventional bladder UC. All 14 PC with positive IHC
were confirmed to bear the BRAF>?°E mutation by ddPCR.

3.4 | Correlation BRAF mutation with tumour
type, sex, neutering and breed

Bladder and urethra tumours with conventional urothelial differentia-

tion were more likely to be BRAF-mutated compared to UC with

FIGURE 2 Canine tissue
microarray cores of benign
prostate (A) and prostate
carcinoma (PC) (B-D), BRAF"600¢
immunohistochemistry.

(A) Normal prostate with negative
staining, (B) BRAF mutated PC
with diffuse cytoplasmic staining,
(C) Highly invasive BRAF mutated
PC with positive staining, and

(D) BRAF non-mutated PC with
negative staining.

O madss
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divergent or tumours with non-urothelial histomorphology
(p < .0001). No correlation was found between sex, castration status,
tissue type (bladder vs. urethra), age, breed and this specific mutation.

BRAF mutated PC was only observed in castrated dogs (n = 14),
whereas prostate tumours of entire dogs lacked this specific mutation
(n = 4). Two of the remaining three cases of non-mutated PC were
found in neutered dogs of the same breed (Yorkshire terrier). Despite
limitation due to low case numbers, BRAF mutation was confirmed to
be associated with castration (p < .01).

Following the same trend as bladder and urethra tumours, pros-
tate carcinomas (PC) with urothelial differentiation (UC or mixed)
were more likely to be BRAF mutated (p < .05).

4 | DISCUSSION

In our study, we established that an anti-human BRAFV%% |HC is a
reliable and accurate method for detecting the mutant BRAF>?° pro-
tein in canine UC and PC. IHC provides a cost-effective and familiar
approach for pathologists, regularly used in human cancer diagnostics
to identify the BRAFV69%F mutation.?¢% For dogs, however, mutation-
specific BRAF IHC has not yet been set up and canine studies investi-
gating mutant BRAF protein expression in tissue are currently not
available in the literature. Given the genetic similarity of the BRAF
mutations in dogs and humans, we hypothesized that the mutated
protein is detected in canine UC and PC using a human anti-
BRAFY4% |HC protocol. This hypothesis was confirmed by our paral-
lel testing of 143 canine cases with ddPCR, demonstrating a 100%
specificity and a high sensitivity (99%) of the BRAFV®®E |HC for
detecting the BRAFY>?>E mutant protein in canine urothelial and pros-
tate tumours. The one case of UC with a negative IHC and a positive
ddPCR test result consisted of a very small tumour sample, which
might explain the lack of staining.

In human cancers, the presence of BRAFY%°%F has been reported to
correlate with specific histomorphological tumour subtypes. For
instance, in thyroid cancer, it is strongly linked with either the papillary
or anaplastic morphology,* and in melanomas, it is associated with pig-
mentation, scatter of intraepidermal melanocytes and solar elastosis.>*
Our recent study using artificial intelligence to analyse canine urinary
bladder tumours revealed that BRAF mutations in these cases fre-
quently corresponded with papillary growth, smooth and pushing rather
than invasive tumour fronts.” The present investigations support a par-
allel between the morphological implications of BRAF mutations in both
human and canine cancers. In contrast, Yamasaki and colleagues' recent
investigation into the cytomorphological differences in UC cell lines
with and without the BRAFY>?°E mutation found no significant vari-
ances.?® This suggests that in vivo morphologies may be influenced by
the tumour microenvironment or obscured in vitro by cell culture
conditions.

In the present study, 72/122 (59%) UC and 13/21 (65%) PC were
BRAFY*?°E mutated. This is in accordance with the prevalence of the
mutation reported in the literature using PCR,>~7%2° despite our limi-
FV595E

tation of a small sample size of PC cases. In the dog, BRA is

considered a diagnostic marker for UC and PC.>?° However, it is
important to keep in mind that the absence of BRAFY>?E> does not
exclude UC and PC since tumours lacking this specific mutation will
not be detected with this method. Therefore, in cases where a tumour
of the urinary tract or prostate is suspected, but BRAFV>?°E is absent,
other diagnostic tools, for example, cytology, histology or imaging
techniques, need to be performed to assess whether a neoplastic pro-
cess is present or not.

FY59°E is also

A number of studies have investigated whether BRA
prognostic or predictive for UC.5%7-%8 Thus far, none of these studies
was able to demonstrate a correlation between BRAF mutation status,
overall survival, and disease-free interval. This is in contrast to human
papillary thyroid carcinomas, where BRAFV°%E has been shown to be
significantly associated with increased cancer-related mortality.> A
large retrospective study on human melanomas also found that the
BRAFV4%%F mutation is associated with increased mortality.3”

The therapeutic implications of BRAF mutations are noteworthy.
BRAF inhibitors (BRAFi), including vemurafenib and dabrafenib, have
shown significant clinical benefits in human patients with BRAFY¢00E
mutant cancer and have been approved by the FDA.4%*! However,
the efficacy of BRAFi varies across different cancer types and therapy
resistance remains a major challenge. Recently, combination therapies
with MEK and/or EGFR inhibitors have gained attention due to their
improved performance compared to BRAFi monotherapy. To evaluate
the predictive relevance of BRAFY°?°E in dogs, BRAFi have been
tested in canine patients with naturally occurring BRAF-mutated UC
and a few canine UC cell lines with or without BRAF mutation. Ross-
man et al. performed a clinical trial with vemurafenib in 34 pet dogs
with BRAF mutant UC.*? Treatment led to partial remission in 9 out
of 24 dogs, with a median progression-free interval of 181 days. The
responses to this BRAF inhibitor in dogs did mimic those reported in
men, including good initial response, followed by drug resistance.
Maeda et al. tested the effect of dabrafenib on two different canine
UC cell lines with mutant or wild-type BRAF.2® This drug was shown
to be effective in BRAF mutant but not wild-type tumour cells. How-
ever, both cell lines were relatively resistant to this BRAF inhibitor.
Jung et al. compared the anti-tumour effect of sorafenib and vemura-
fenib in three canine and one human BRAF mutated TCC cell lines. In
contrast to human tumours and the one investigated human cell line
in their study, canine cell lines were more sensitive to sorafenib than
vemurafenib.*C Sorafenib is an important drug for liver cancer therapy
in men, primarily through the induction of apoptosis and ferroptosis
and it is not a specific BRAF inhibitor, in contrast to vemurafenib.*®
As Jung and colleagues suggest, the different sensitivity of BRAF
mutant cancer to sorafenib and vemurafenib in men and dogs may
indicate different cancer genetics in men and dogs, innate resistance
to vemurafenib in canines, or different drug binding affinity to the
BRAF protein in humans and dogs. Variable effects of vemurafenib
have already been observed in previous canine UC cell line studies.
Decker et al. investigated three BRAF mutants and one wild-type
canine UC cell line.” Two of three mutant cell lines displayed a clear
reduction in pMEK after exposure to vemurafenib, whereas levels of

pMEK remained high in the remaining mutant cell line. The wild-type
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cell line, which was the same as used by Maeda et al., was character-
ized by low pMEK levels and no response to vemurafenib. Cronise
et al. found BRAF mutant canine UC cell lines to be insensitive to
vemurafenib, however MAPK inhibitors were effective in mutant and
BRAF wild-type cell lines.** Furthermore, ErbB inhibitors were identi-
fied to have a synergistic effect with MAPK inhibitors, promoting
combination therapies for canine UC.

Noteworthy, efficacy of, and resistance to BRAF/MAPK pathway
targeted therapies may potentially be influenced by intratumour BRAF
mutation heterogeneity. Tumour heterogeneity for mutant BRAF is
described to occur in 3% to 15% of melanomas.*®> Whether mutant
BRAF heterogeneity influences patient outcomes or the response to
BRAF/MEK inhibitors in human melanoma remains controversial in
the literature.*®*” While this heterogeneity's impact on patient out-
comes in human melanoma is debated, it appears to be a rare occur-
rence in canine cancers, based on our findings.

The BRAFV6%E mutation has been confirmed to be linked to
malignant transformation and is known to be one of the earliest
events in tumorigenesis.*® Of note, this mutation is not purely
restricted to malignant lesions, but it is also found in benign tissue
changes such as melanocytic nevi, endosalpingiosis and Langerhans
cell histiocytosis.*’ It is therefore key, as for any molecular test, that
the BRAF mutation status is interpreted together with histopathology

FY395E is considered

29,50

and clinical information. Thus far, canine BRA
cancer-specific and has not yet been detected in benign tissue.
This is also consistent with our results from the prostate, where all
non-neoplastic prostate samples were negative for BRAFY>?°E on
IHC. However, as mentioned before, a limitation of this study is that
non-neoplastic lesions of the lower urinary tract, for example, cystitis
was not specifically examined.

The detection of BRAF mutations, including the canine-specific
BRAF"°?°E, represents one important method for cancer diagnosis, in
addition to traditional diagnostic approaches like histology, cytology
and imaging. With the establishment of a BRAFV>?>E-specific IHC for
canine tissue, we now have a cost-efficient and readily available test
for detecting these mutations. While BRAF-targeting therapies in
dogs are still evolving, the utility of knowing the BRAF mutation sta-
tus in patients with confirmed cancer may be useful to stratify
patients for such targeted therapy.

In conclusion, IHC represents a reliable, highly sensitive and spe-
cific method to detect mutant BRAFY>?°E in canine urothelial and
prostate tumours. With the availability of TMAs and IHC, cost-
efficient testing for large-scale screening of canine cancers for the
presence of BRAF mutations have become feasible and enable further
research to define the prognostic and predictive role of this tumour

marker in dogs.
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