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Abstract

Canine prostate cancer (cPC) is a highly invasive and metastatic malignancy in male dogs, often
associated with a poor prognosis despite conventional treatments such as surgery, radiotherapy, and
chemotherapy. Notably, the BRAF V595E mutation, orthologous to the human BRAF V600E mutation,
is present in 61-80 % of cPC cases and may contribute to tumor progression via activation of the MAPK
pathway. While BRAF/MEK dual inhibition has shown clinical efficacy in various human cancers with
BRAF mutations, its utility in cPC remains unexplored.

In this study, we established a novel cPC cell line (EPC) derived from a canine patient with BRAF
V595E-mutant cPC. EPC demonstrated strong proliferative activity in vitro and tumorigenicity in
immunodeficient nude mice. Molecular analysis confirmed the presence of the BRAF V595E mutation. In
vitro, EPC exhibited resistance to the BRAF inhibitor dabrafenib, characterized by reactivation of pERK,
but this resistance was overcome by the MEK inhibitor trametinib or by combination therapy. The ICso
values for dabrafenib and trametinib in the combination treatment were approximately 28.1 nM and 2.81
nM, respectively, comparable to clinically achievable concentrations.

EPC is the first BRAF V595E-mutant ¢cPC cell line to demonstrate resistance to BRAF inhibition and
sensitivity to MEK inhibition. These findings highlight EPC as a valuable model for studying MAPK
pathway-mediated drug resistance and support the potential of dabrafenib/trametinib combination
therapy as a novel treatment strategy for cPC.
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Introduction

Canine prostate cancer (¢cPC) occurs in
0.2-0.6% of male dogs"*”, with castrated male
dogs having the same or higher prevalence when
compared to intact male dogs®. cPC is a highly
invasive and metastatic tumor developed from
the prostate gland in male dogs”. Local treatment
of ¢cPC includes surgery and radiation therapy.
However, the application of surgery and radiation
therapy is often limited due to the presence of
metastases. Due to the high metastatic rate, the
median overall survival time of dogs treated with
these local treatments is short, approximately
4-8 months®. Systemic therapies such as COX
inhibitors and molecularly targeted drugs have
been reported. However, these therapies could not
improve prognosis much, and the median overall
survival times were less than 1 year™.

The v-rapidly accelerated fibrosarcoma (RAF)
murine sarcoma viral oncogene homolog B (BRAF)
is involved in the regulation of the mitogen-
activated protein kinase (MAPK) pathway, along
with the associated rat sarcoma (RAS)/RAF kinase/
mitogen-activated extracellular signal-regulated
kinase (MEK)/extracellular signal-related kinase
(ERK) signaling pathway, which is essential for
cell proliferation and survival®”. In human cell
lines, BRAF mutations were identified in 43 of
530 cancer cell lines including 20 of 34 (59%)
melanomas, 7 of 40 (18%) colorectal cancers, 4 of
38 (11%) gliomas, 4 of 131 (3%) lung cancer, 5 of
59 (9%) sarcomas, 1 of 26 (4%) ovarian carcinomas,
1 of 45 (2%) breast cancers and 1 of 7 (14%) liver
cancers. BRAF mutations were not found in
cancer cell lines derived from 29 neuroblastomas,
10 bladder cancers, 53 leukemias and lymphomas,
11 cervical carcinomas, 11 renal cell carcinomas,
3 pancreatic carcinomas, 3 prostate carcinomas,
6 gastric carcinomas, 7 testicular carcinomas, 3
uterine carcinomas, and 29 other cancers”.

Especially in human melanomas, the BRAF
V600E mutation is the most common BRAF
mutation (80-90%)”. The BRAF V600E mutation
activates the MAPK pathway and promotes tumor
growth'”. Canine BRAF V595E mutation was
reported to correspond to the human BRAF V600E

mutation. In 667 canine primary tumors and 38
control tissues, sequencing analysis of the exon 15
of BRAF, mutation hot spot of the gene, revealed
that 64 primary tumors (9.6%) had BRAF V595E
mutation, with particularly high frequency in
prostatic carcinoma (20 / 25, 80%) and urothelial
carcinoma (30 / 45, 67%). However, only 6% of
melanomas (two mucosal and one cutaneous
melanoma) and 17% of melanocytomas were
identified™.

Targeted inhibition of the MAPK pathway
with BRAF inhibitors improves the progression-
free and overall survival of patients with
melanoma who have the BRAF V600 mutation®'?.
However, a majority of patients develop
resistance to the BRAF inhibitors, resulting
in a median progression-free survival of 6 to
7 months®' | because of the reactivation of
MAPK pathway®*”***®. A combination of a BRAF
and MEK inhibitor, such as dabrafenib and
trametinib, delayed the emergence of resistance
and improved the rate of progression-free
survival in previously untreated patients who
had metastatic melanoma with BRAF V600E
or V600K mutations as compared with single-
agent BRAF inhibition®”. Not only for melanoma
but also for BRAF V600 mutated thyroid cancer
and non-small cell lung cancer, the combination
therapy showed the clinical effects'®*”. Therefore,
BRAF is an important therapeutic target in canine
and human cancers, and establishing inhibitor
therapy against it in canine cancers may improve
treatment outcomes.

This study aimed to establish a new cPC
cell line that has BRAF V595E mutation and
investigate the effects of BRAF and MEK inhibitors
against cPC.

Materials and Methods

Establishment of the EPC cell line and
xenografted mice

Spontaneous cPC tissue was obtained from
a 12-year-old neutered male that was diagnosed

with canine prostate cancer at the Veterinary
Medical Centre, The University of Tokyo (VMC-
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UT). The owner's written consent for the use of
the sample for this study was obtained. The tissue
was dissected, digested with collagenase, and
washed with phosphate-buffered saline (PBS) 3
to 5 times. After washing, the tumor tissue was
suspended in warm RPMI-1640 (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan)
mixed with 20% fetal bovine serum (FBS; Thermo
Fisher Scientific Inc., Waltham, MA, USA), 5 mg/
L gentamicin (Sigma-Aldrich Corp., St. Louis, MO,
USA) at 37°C in a humidified atmosphere of 5%
COs.. After the second passage, the concentration
of FBS was reduced to 10%. The EPC was
successfully established after 100 passages. The
doubling time (DT) was measured as follows. EPC
was plated in 6-well plates at a concentration of 1
x 10° /ml and cultured in RPMI 1640 supplemented
with 10% FBS. The number of viable cells was
determined every 24 hr, and the doubling time at a
logarithmic phase was calculated.

EPC (2.0 x 10° cells in 100 ul PBS) was
injected subcutaneously at the left flank of
BALB/cSlc nude mice (6-week-old, n = 5) (Japan
SLC, Inc., Shizuoka, Japan). Tumor growth was
evaluated twice weekly for 7 weeks. After the
observation period, xenografted tissues were
collected, fixed immediately in 10% neutral-
buffered formalin, and embedded in paraffin wax.
A morphological comparison between the patient-
derived primary tissue and the xenografted
tissue was performed by hematoxylin and eosin
(H&E) staining. All experimental procedures were
approved by the animal care and use committee
of The University of Tokyo (approval number:
P20-106). The humane endpoints were a tumor
diameter of 2 cm, significant weight loss (15% of
pre-experiment body weight), and observation of
clinical signs by progression of transplanted tumor
cells, including decreased activity, loss of appetite,
shivering, and respiratory failure.

Cell line culture

A human melanoma SK-MEL28-Luc cell
line (MEL28) with the BRAF V600E mutation
(Japanese Cancer Research Resources Bank,
Osaka, Japan) and MDCK, established from the
normal kidney of a dog (Japanese Cancer Research

Resources Bank, Osaka, Japan), were maintained
in Eagle’s Minimum Essential Medium (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan)
supplemented with 10% FBS and 5 mg/l penicillin-
streptomycin (FUJIFILM, Tokyo, Japan). EPC
was maintained in RPMI-1640 supplemented with
10% heat-inactivated FBS and 5 mg/l gentamicin
(Sigma-Aldrich Corp., St. Louis, MO, USA).

BRAF V595E mutation analysis

Total RNA was extracted from the EPC cell
line and reverse transcribed using a transcriptase
(ReverTraAce, Toyobo, Osaka, Japan). BRAF
V595E and wild-type BRAF gene were amplified
with Tagman probe, and signal detection was
performed by QuantStudio 3D Digital PCR
System (Thermo Fisher Scientific Inc.). The probes
specific for wild-type BRAF and BRAF V595E
mutation genes were labeled with 4,7,2'-trichloro-
7'-phenyl-6-carboxyfluorescein (VIC) and
6-carboxyfluorescein (FAM), respectively. Probe
and primer sequences were as follows: wild-
type probe_VIC, 5'-TAGCCACAGTGAAATC-3;
mutation probe_FAM, 5'-CCACAGAGAAATC-3';
BRAF forward, 5'-CATGAAGACCTCACA
GTAAAAATAGGTGAT-3"; BRAF reverse,
5-TGGGACCCACTCCATCGA-3'. PCR conditions
were as follows: 10 minutes at 96°C, 39 cycles of
60°C for 2 minutes and 98°C for 30 seconds, and
2 minutes at 60°C. Raw data were obtained and
analyzed using the QuantStudio 3D Digital PCR
system and the QuantStudio 3D Analysis Suite
software (Thermo Fisher Scientific).

Reagents and antibodies

Dabrafenib and trametinib used for in
vitro experiments were obtained from Selleck
Chemicals (Houston, TX, USA). These reagents
were reconstituted in dimethyl sulfoxide (DMSO)
and stored at —80°C. For western blotting,
rabbit monoclonal antibodies against total MEK
(clone; D1A5), phospho-MEK (clone; 166F8),
total ERK (clone; 137F5), and phospho-ERK 1/2
(clone; D13.14.4E) were used (Cell Signaling
TECHNOLOGY, Danvers, MA, USA). A mouse
monoclonal anti-actin antibody (clone; C4, Merck
Millipore, Burlington, MA, USA) was used. The
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reactivity against canine molecules was validated
against manufacturer specifications or previous
reports in all antibodies used in this study.
All antibodies were diluted according to their
manufacturers’ recommendations.

Cell proliferation assays

EPC cells (1,000 cells/well) and MELZ28 cells
(1,300 cells/well) were cultured in 96 well plates
for 2 hr. Drug or vehicle control was added to
the wells, and the plates were incubated for 72
hr. After 72 hr of incubation, the cell cytotoxicity
was evaluated using a WST-1 assay (TakaraBio,
Kusatsu, Japan). The absorbance of WST-1 was
measured at 450 nm using a Bio-Rad Microplate
Reader Model 550 (Bio-Rad Laboratories, Hercules,
CA, USA). The 50% inhibitory concentration (ICso)
was estimated with a 4-parameter logistic model
using RStudio (ver. 2024.12.1+563)

Western blots

EPC and MEL28 were cultured in 6 well
plates for 72 hr. After that, they were treated
with dabrafenib (1 pM), trametinib (0.1 pM), and
a combination of both drugs or vehicle control for
1, 3, 6, and 12 hr. Cells were lysed using RIPA
buffer (50 mM TrisHCI, 150 mM NaCl, 5 M EDTA,
1% Triton-X, and 0.1% sodium dodecyl sulfate
[SDS]) supplemented with 10 mM NaF, 2 mM
Na3VO04, and complete Mini Protease Inhibitor
Cocktail (Roche Diagnostics). Protein content was
measured using a BCA Protein Assay Kit (Thermo
Fisher Scientific Inc.). Proteins were resolved
by SDS-polyacrylamide gel electrophoresis
and transferred onto polyvinylidene difluoride
membranes (Bio-Rad Laboratories, Hercules,
CA, USA). Membranes were blocked in TBS-t
containing 5% skim milk or bovine serum
albumin (Sigma-Aldrich Corp.) for 1 hr at room
temperature before incubating with the primary
antibodies (1:1,000) overnight at 4°C. Membranes
were then incubated with horseradish peroxidase-
conjugated anti-mouse or anti-rabbit IgG antibody
(GE Healthcare, Buckinghamshire, England, UK;
1:10,000, room temperature) as the secondary
antibody for 1 hr. The membranes were developed
using the ECL Prime Western Blotting Detection

System (GE Healthcare), and luminescence was
captured using an imaging system (ChemiDoc
Image Lab, Bio-Rad Laboratories).

Statistical analysis

For the statistical analysis, data were
analyzed with Student’s t-test, and p-values < 0.05
were considered statistically significant (*, P <
0.05).

Results

Case presentation and establishment of EPC
from a cPC case

A 12-year-old, neutered male, wire fox
terrier was diagnosed with prostate cancer and
underwent a total bladder prostatectomy at VMC-
UT (Fig. 1A). No lymph node or other organ
metastasis was noted. A surgically resected tumor
was submitted to our pathological laboratory for
histological diagnosis, and the case was diagnosed
with prostate cancer (Fig. 1B). Primary culture
was performed from the obtained fresh tumor
tissue, and these cells showed stable traits and
sustainable proliferation after over 100 passages,
and finally established a new canine prostate
cancer cell line, EPC.

The morphology of EPC cells was epithelioid
and round- to spindle-shaped under a phase
contrast microscope (Fig. 1C). Growth studies and
population doubling time of the EPC cell line were
evaluated and the doubling times of the cell line
were calculated to be 17 hr (Fig. 1D). The cells
grew densely on the paving stones, indicating the
characteristic of an epithelial tumor.

To examine the tumorigenicity of the EPC
cell line in vivo, EPC was injected subcutaneously
into nude mice. As a result, mass formation was
observed, and the tumor volume reached 680 mm?
at day 45 (Fig. 1E).

Next, we compared the gene mutation status
between EPC and the primary case and validated
the BRAF V595E mutation using a digital PCR
method, and the BRAF V595E mutation was
found in EPC (Fig. 1F).
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Fig. 1. Establishment of a canine prostate cancer cell line. (A) The axial CT image of the prostate
tumor (arrowhead). (B) HE image of the patient’s primary tumor tissues. (C) Cell morphology of EPC. (D) In vitro
cell growth of EPC. (E) In vivo tumor growth of EPC. (F) Digital PCR plots of BRAF V595E-mutated EPC. X-axis:
VIC, wildtype BRAF gene. Y-axis: FAM, BRAF V595E. The presence of blue and green clusters indicates that a

cell line carries BRAF mutation.

Evaluation of antitumor effects of BRAF
inhibitor on EPC

Canine BRAF V595E mutation is a homologous
mutation to human BRAF V600E mutation, and
human BRAF V600E mutation confers constitutive
BRAF kinase activity and activates the MAPK
pathway. Therefore, we hypothesized canine BRAF
V595E mutation also confers constitutive BRAF
kinase activity and activates the MAPK pathway
in EPC. Then, we evaluated the phosphorylation/
activation status of downstream molecules of BRAF
in the MAPK pathway and found overexpression
of pMEK and pERK, as with a positive control of
human BRAF V600E mutated melanoma cell line,
MELZ28. In contrast, weak phosphorylation was
observed in the negative control MDCK cells, a cell
line established from the normal kidney of a dog

(Fig. 2A).

Next, to evaluate the anti-tumor effects of
a BRAF inhibitor, dabrafenib, was added, and
a proliferation assay was performed in EPC.
Concentration-dependent growth inhibition was
observed in the positive control cell line, MELZ28,
with ICso less than 10 nM, but EPC showed no
growth inhibition at all concentrations even at the
maximum concentration of 10000 nM (Fig. 2B).
To evaluate the resistance mechanism against the
BRAF inhibitor, we evaluated pERK expression
at 1, 3, 6, and 12 hr after addition of dabrafenib.
pERK was suppressed at 1 to 3 hr after addition,
but then pERK expression was re-increased at 6
to 12 hr (Fig. 2C). Thus, EPCs would be resistant
to dabrafenib due to reactivation of the MAPK
pathway.
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Fig. 2. Evaluation of phosphorylated proteins of the MAPK pathway and effects of BRAF
inhibitor. (A) Western blotting of MEK, pMEK, ERK, and pERK on EPC, positive control MEL28, and negative
control MDCK. (B) Cell viability of EPC and positive control MEL28 after BRAF inhibitor, dabrafenib treatment. (C)
Expression levels of pERK after incubation with 1 uM of dabrafenib at the indicated exposure time.

Evaluation of antitumor effects of the
combination of BRAF inhibitor and MEK
inhibitor on EPC

To overcome the reactivation of the MAPK
pathway after administration of dabrafenib,
we evaluated the combined inhibition activity
of BRAF inhibitor and MEK inhibitor in EPC.
MEK inhibitor, trametinib, alone showed
growth inhibition, with an ICso of 19.6 nM and
the combination of dabrafenib and trametinib
showed enhanced growth inhibition, with an
ICs0 of 2.81 nM of trametinib and 28.1 nM of
dabrafenib (Fig. 3B). Moreover, in EPC, the
combination groups of dabrafenib (100 nM) with
trametinib (10 nM) and dabrafenib (1000 nM)
with trametinib (100 nM) showed a significantly
reduced cell viability compared to the trametinib
monotherapy group. While dabrafenib as a single
agent reactivated pERK, trametinib as a single
agent and the combination treatment suppressed
the reactivation of phosphorylated ERK and the
MAPK pathway (Fig. 3C).

Discussion

In this study, the novel cPC cell line, EPC,
was successfully developed. EPC had BRAF
V595E mutation, showed good proliferative
capacity in vitro, and demonstrated engraftability
in immunodeficient mice, suggesting its potential
for use in in vivo experiments. The treatment with
BRAF inhibitor, dabrafenib alone, reactivated
pPERK, indicating resistance to the BRAF
inhibitor. However, this reactivation was overcome
by a MEK inhibitor, trametinib alone, or the
combination treatment.

EPC had BRAF V595E mutation and
showed BRAF inhibitor non-sensitive and MEK
inhibitor sensitivity in vitro. Moreover, in vivo
tumorigenicity on immunodeficient nude mice.
To date, seven cPC cell lines have been reported,
including CT1258, Leo, Ace-1, Probasco, LuMa,
CHP-1, and CHP-2. BRAF mutations were tested
in only 2 cell lines, and the BRAF V595E mutation
was detected in CHP-1 and CHP-2, suggesting
that EPC is the third cPC cell line with the BRAF
V595E mutation. In vitro, drug sensitivity assays
were performed in 3 cell lines out of 7 cell lines,
including Leo, CHP-1, and CHP-2. Leo cell line
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Fig. 3. Evaluation of MAPK pathway phosphoprotein and effects of BRAF inhibitor, ERK
inhibitor, and combination of both drugs. (A) Cell viability of positive control MEL28 after BRAF
inhibitor, dabrafenib, MEK inhibitor, trametinib, and combination treatments. The cell viability of the 0 % drug
(vehicle control) group was defined as 100%. (B) Cell viability of EPC after BRAF inhibitor, dabrafenib, MEK
inhibitor, trametinib, and combination treatments. The x-axis indicates drug concentration, and the y-axis represents
cell viability. The values are shown as the mean + SD. P < 0.05: * with Student’s t-test, monotherapy (dabrafenib or
trametinib only) vs combination. (C) Expression levels of pERK after incubation with 1 pM of dabrafenib, 0.1 uM

of trametinib, and a combination of both drugs at the indicated exposure time.

showed sensitivity to the proteasome inhibitor
(bortezomib) and an HDAC-42 inhibitor™. CHP-
1 and CHP-2 cell lines showed sensitivity to
MEK inhibitor alone treatments (trametinib,
cobimetinib, and mirdametinib), but did not
evaluate the anti-tumor effect of BRAF inhibitor
and the combination treatments of BRAF inhibitor
and MEK inhibitor in vitro'”, suggesting that the
EPC is the only cell line that demonstrates BRAF
inhibitor resistance in BRAF V595E-mutated cPC
cell lines. For in vivo experiments, all 7 cell lines
show in vivo tumorigenicity in immunodeficient
mice. CT1258 cell line showed tumorigenicity in
NOD.CB17-PrkdcScid/J (NOD SCID)'"” and Leo,
Ace-1, Probasco, LuMa, CHP-1, and CHP-2 cell
lines showed tumorigenicity in nude mice”'™*.
Given that the newly established EPC cell line
carries the BRAF V595E mutation and possesses

both in vitro drug responsiveness and in vivo
tumorigenicity, it would serve as a valuable model
for investigating the molecular pathogenesis of
c¢PC, particularly concerning MAPK pathway
alterations and resistance mechanisms for BRAF
inhibitors.

Dabrafenib treatment on EPC showed
reactivation of pERK and did not show growth
inhibition in vitro, suggesting EPC would be
a useful tool for evaluating the mechanisms of
and novel therapies against primary resistance
to BRAF inhibitors in canine tumor cells.
Reactivation of the MAPK pathway has been
reported to occur within hours after BRAF
inhibitor treatment in various BRAF-mutated
human tumor cells’”. Several mechanisms
of primary resistance to BRAF inhibitors in
BRAF-mutated human malignancies have been
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reported. It was reported that the activation of
epidermal growth factor receptor (EGFR), which
is an upstream signal of the MAPK pathway,
after BRAF inhibitor treatment in BRAF
V600E mutated colon cancer®. Another report
demonstrated that the mesenchymal-epithelial
transition factor (c-Met) mediated reactivation
of the phosphatidylinositol 3-kinase (PI3K)/AKT
pathway following BRAF inhibitor treatment in
BRAF V600E mutated human thyroid cancer®.
Therefore, similar resistance pathways observed
in human tumors may be related to primary
BRAF inhibitor resistance in EPC, and further
elucidation of the resistance mechanism is needed
as a future study.

We observed that the EPC cell line exhibited
resistance to dabrafenib as a monotherapy, while
this resistance was successfully overcome by
the combination of dabrafenib and trametinib,
as evidenced by Western blot analysis.
Furthermore, WST-1 assays demonstrated
the significant inhibition of cell viability in the
combination treatment group compared to the
single-agent treatment groups. Consistent with
our findings, preclinical studies using BRAF-
mutated human colon cancer cell lines have
demonstrated that combined inhibition of BRAF
and MEK with dabrafenib and trametinib more
effectively suppresses MAPK pathway signaling
and enhances antitumor efficacy compared to
monotherapy”. The combination therapy of
dabrafenib and trametinib has been clinically
approved by the US Food and Drug Administration
for the treatment of BRAF V600-mutated
melanoma, anaplastic thyroid cancer, non—small
cell lung cancer (NSCLC), and, more recently, for
unresectable or metastatic solid tumors harboring
BRAF V600E mutations, excluding colorectal
cancer, reflecting its demonstrated therapeutic
benefit in BRAF-mutated human cancers''”.
These results highlight the importance of
treatment strategies targeting the BRAF/MEK
pathway, particularly for refractory cPC.

In this study, EPC showed the ICso values of
28.1 nM of dabrafenib and 2.81 nM of trametinib
in the combination treatment group. The blood
mean concentration of dabrafenib and trametinib

in humans is reported to be approximately
100 nM and 15 nM, respectivelyw). Therefore,
although there are differences in species, the
1Cs0 values observed in EPC would be within the
therapeutic window, suggesting the combination
therapy of dabrafenib and trametinib is a possible
therapeutic option for cPC. Moreover, in dogs, a
Phase I/II study of vemurafenib, a BRAF inhibitor,
has been conducted for BRAF-mutated urothelial
carcinoma cases and showed clinical feasibility. In
addition, a Phase I study of trametinib, targeting
canine histiocytic sarcoma, has also shown its

239 Overall, the combination

clinical safety
therapy of dabrafenib and trametinib would be a
possible novel therapy against cPC.

Our study has several limitations. The
characteristics of EPC have been validated in this
study. However, single-cell cloning for EPC has
not been performed yet. Evaluation of the anti-
tumor effect of dabrafenib and trametinib was
conducted in the only single cPC cell line, EPC.
The anti-tumor effects of BRAF/MEK inhibition
should also be validated in other canine prostate
cancer cell lines harboring the BRAF V595E
mutation. The experiment was only conducted in
vitro, and the effect of the combination therapy in
vivo remains unknown.

In conclusion, EPC may be a useful cell
line for analyzing cPC pathogenesis, including
mechanisms of drug resistance, and evaluating
the efficacy of novel therapies. The combination
therapy with dabrafenib and trametinib has the
potential to be a new treatment for ¢cPC, and
further clarification of the mechanism of action
and in vivo efficacy verification are needed for
clinical application.
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