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ABSTRACT
Bladder cancer (BC), a main neoplasm of urinary tract, is usually inoperable and unresponsive to 
chemotherapy. As a novel experimental model for muscle-invasive BC, we previously established 
a culture method of dog BC organoids. In the present study, the detailed in vitro and in vivo anti-tumor 
effects of trametinib were investigated by using this model. In each BC organoid strain, epidermal growth 
factor receptor (EGFR)/ERK signaling was upregulated compared with normal bladder cells. Trametinib 
even at a low concentration inhibited the cell viability of BC organoids and the activation of ERK through 
decreasing expression of c-Myc, ELK1, SIK1, and PLA2G4A. Trametinib arrested cell cycle of BC with few 
apoptosis. Dual treatment of BC organoids with trametinib and YAP inhibitor, verteporfin extremely 
inhibited the cell viability with apoptosis induction. Moreover, trametinib induced basal to luminal 
differentiation of BC organoids by upregulating luminal markers and downregulating basal ones. In 
vivo, trametinib decreased the tumor growth of BC organoids in mice and the xenograft-derived 
organoids from trametinib-administered mice showed enhanced sensitivity to carboplatin due to MSH2 
upregulation. Our data suggested a new strategy of trametinib-YAP inhibitor or trametinib-carboplatin 
combination as a promising treatment of BC.
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Introduction

Bladder cancer (BC), a carcinoma of bladder, is the most 
common and complex neoplasm of the urinary tract and is 
associated with high morbidity and mortality.1 The BC in 
human patients is mostly non-muscle invasive (NMI) type 
with a positive prognosis, while to a lesser degree it is muscle- 
invasive (MI) with a worse prognosis. The MIBC is mainly of 
basal type, high intricacy, stemness, epithelial-mesenchymal 
transition (EMT), often metastatic, and difficult to treat.2 

Contrarily, the NMIBC is mainly of luminal papillary type 
and less complex than MIBC.1 Although it is the fifth most 
common neoplasm in the US, the precise experimental culture 
models that mimic the biology of the disease are few.

In dogs, BC constitutes about 2% of all naturally occurring 
cancers, a similar rate to that found in humans.3 Besides, it 
mostly resembles human MIBC in histopathology and gene 
profiles and then could be a valuable research model for this 

disease.4 In the previous study, we established a novel experi-
mental organoid model of MIBC from BC diseased dogs using 
their urine samples.4 In this model, the MIBC characteristics 
were successfully recapitulated. Interestingly, this model could 
detect the difference of drug sensitivity for each patient to the 
sole and/or combined anti-cancer therapies.

The mitogen-activated protein kinase (MAPK) pathway, in 
which mitogen-activated extracellular signal-regulated kinase 
(MEK) enzyme is incorporated, is constitutively activated in 
many tumors where it promotes cell differentiation, prolifera-
tion, angiogenesis, and survival.5 The activation of MEK1/2, in 
turn, phosphorylates ERK1/2, which activates multiple sub-
strates and transcription factors.6 The overexpression and/or 
mutation of growth factor receptors such as epidermal growth 
factor (EGF) receptor (EGFR), erbB2 receptor, and others have 
also been observed in many cancers.7 Therefore, MEK has 
emerged as a promising anti-cancer therapeutic target.8
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Trametinib is a type III allosteric noncompetitive and highly 
selective MEK1/2 inhibitor.9 It suppressed RAF-dependent 
MEK phosphorylation and extended the inhibition of phos-
phorylated ERK.9 Trametinib has been approved by The 
United States Food and Drug Administration for treatment 
of several cancers that harbor BRAF V600E mutation including 
metastatic non-small cell lung cancer,10 metastatic melanoma 
(combined with dabrafenib),11 and locally advanced or meta-
static anaplastic thyroid cancer.12 Nevertheless, previous 
reports concerning the use of trametinib in BC therapy were 
scarce and not well investigated. Since our established dog BC 
organoid model reflected the most features of human MIBC, 
the current study was carried out to investigate the effects of 
trametinib on BC organoids.

Materials and methods

Ethics approval

Collection of urine samples, generation of bladder cancer (BC) 
organoids, and experiments with organoids were carried out 
under the direction of the Institute Animal Care and Use 
Committee of Tokyo University of Agriculture and 
Technology and approved by the ethical committee 
(Approval number: 0016012). Written informed consent for 
the present study was obtained from all dog owners. In total, 
five strains of BC organoids were used. Dog clinical informa-
tion on each dog is listed in (Table 1).

Anti-cancer drugs and antibodies

Anti-cancer drugs used in the present study were as follows: 
trametinib (Cayman Chemical, Ann Arbor, USA); carboplatin 
(FUJIFILM WAKO Pure Chemical Corporation, Osaka, 
Japan); yes-associated protein (YAP)1 inhibitor, verteporfin 
(VP) (Sigma-Aldrich, St. Louis, USA), mitoxantrone; vinblas-
tine (Cayman). The antibodies used were as follows: total 
EGFR; phosphor-EGFR; phospho-ERK; total-ERK; total- 
YAP1 (Cell Signaling Technology, Inc., Danvers, MA, USA); 
CK5; total-VCP (GeneTex, Inc., Irvine, CA, USA); total-cyclin 
D1; MSH2 (Bioss, Inc., Woburn, MA, USA); total-CD44 
(Bethyl Laboratories, Montgomery, TX, USA). Fluorescent 
secondary antibodies used were as follows: Alexa Fluor 488™ 
goat anti-rabbit IgG; Alexa Fluor 488™ goat anti-mouse IgG; 

(Thermo Fisher Scientific Inc. Waltham, MA, USA). 
Horseradish peroxidase (HRP)-conjugated anti-rabbit IgG 
(Cayman); and HRP-conjugated anti-mouse IgG (Millipore, 
Temecula, CA, USA).

Organoid culture

Culture medium, supplements, conditions, handlings, and pas-
sages of the BC organoids were described before in our pre-
vious studies.4 Briefly, the culture medium was composed of 
Advanced DMEM with 50% Wnt, Noggin, and R-spondin 
conditioned medium; 1% GlutaMax; 100 ug mL−1 Primocin 
(Thermo Fisher Scientific); 1 mM N-Acetyl-L-cysteine; 10 mM 
nicotinamide (Sigma-Aldrich); 50 ng mL−1 mouse EGF 
(PeproTech, Rocky Hill, NJ, USA); and 500 nM A83-01 
(Adooq Bioscience, Irvine, CA, USA).

Western blotting

To check the expression and activation level of EGF signal- 
related proteins, Western blot analysis was performed accord-
ing to the standard procedures as described previously.13 Equal 
amounts of protein (10 μg) were loaded and separated by SDS- 
PAGE (7.5%) and transferred to nitrocellulose membrane 
(Wako). After blocking, the membranes were incubated with 
primary antibody (total-EGFR; 1:500, phospho-EGFR; 1:200, 
total-ERK; 1:500; phospho-ERK; 1:500; total-VCP; 1:500) at 4° 
C overnight followed by secondary antibody (1:500 for 1 h) of 
goat anti-rabbit and ECL Prime (GE Healthcare, Pittsburgh, 
PA, USA). Images were captured with a LAS-3000 image 
analyzer (Fuji Film, Tokyo, Japan) and quantified by ImageJ 
software.

Histology (H&E staining)

Sections prepared from trametinib- or vehicle-treated BC 
organoids or their xenograft-derived tumors were prepared 
and stained with hematoxylin and eosin (H&E) as described 
before.4 Briefly, the organoids or tumor tissues were fixed 
at room temperature in 4% paraformaldehyde (PFA)/phos-
phate-buffered saline (PBS) for 2-3 h and then embedded in 
paraffin. Preparation of sections and staining procedures 
were performed according to the standard procedures. 

Table 1. Sample information.

Case ID
Age (year 

old) Breed Sex
Sample 

Date Stage Prior Therapy Other information

BC18005 11 Mix Female 
(spayed)

11–05-2018 T2N0M1 Piroxicam, Misoprostol This sample was used as Or 
1

BC18006 12 Miniature 
Dachshund

Female 
(spayed)

26–06-2018 T2N1M1 Prednisolone, Lansoprazole, 
Orbifloxacin

This sample was used as Or 
2

BC18008 8 Miniature 
Dachshund

Male 
(castrated)

11–05-2018 T2N0M0 None This sample was used as Or 
3

BC18009 12 Standard 
Dachshund

Male 
(castrated)

26–06-2018 T2N0M0 None This sample was used as Or 
4

BC20001 13 Miniature 
Dachshund

Male 
(castrated)

30–01-2020 T2N0M0 None This sample was used as Or 
5

T0: No evidence of a primary tumor, T1: Superficial papillary tumor, T2: Tumor invading the bladder wall, with induration, T3: Tumor invading neighboring organs 
N0: No regional lymph node involvement, N1: Regional lymph node involved, N2: Regional lymph node and juxtaregional lymph node involved 
M0: No evidence of metastasis, M1: Distant metastasis present 
Modified from Owen LN. 1980. TNM Classification of Tumors in Domestic Animals. Geneva: World Health Organization.
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Images were captured by using a light microscope (BX-52). 
Quantification of basal to luminal differentiation of orga-
noids was carried out using ImageJ software (National 
Institutes of Health).

Cell viability assay of BC organoids

Cell viability assay of BC organoids was carried out as 
described before.4,14,15 The appropriate concentrations for 
trametinib, VP, mitoxantrone, vinblastine, and carboplatin 
were determined based on their blood therapeutic level in 
the clinic and pharmacokinetic data.9,16,17 Concisely, after 
the organoids were washed by PBS and treated with 5 mM 
EDTA/PBS on ice for 90 min, they were trypsinized using 
TrypLE (Thermo Fisher Scientific Inc.) for 5 min at 37°C. 
After pipetting, the organoid cells were passed through cell 
strainer (70 µm), neutralized by fetal bovine serum (Sigma- 
Aldrich), and counted. Approximately 2 × 103 cells of 
each BC organoid were embedded in 10 μl Matrigel with 
culture media in a 96-well culture plate and incubated for 
24 h. Later, the cells were treated with DMSO or each drug 
(trametinib: 0.03, 0.1, 0.3, and 1 µM), VP: 0.3 µM, carbo-
platin: 0.1, 1, 10, and 100 µg ml−1, mitoxantrone: 0.1, 1, 10, 
and 100 ng ml−1 or vinblastine: 0.01, 0.1, 1, and 10 nM) for 
72 h. Cell viability was examined using PrestoBlue kit 
(Thermo Fisher Scientific Inc.) by a microplate reader 
(TECAN, Seestrasse, Switzerland) at an emission wave-
length of 585 nm. Bright-field images were captured using 
the light microscope (BX-52; Olympus, Japan) and the 
readings of the microplate reader were graphed using 
Sigma Plot software (Systat Software, Inc. San Jose, 
CA. USA).

Cell cycle analysis by flow cytometry

Cell cycle analysis was carried out to identify cell popula-
tions in various phases of the cell cycle after trametinib 
treatment. For this purpose, BC organoid cells (2 × 105 per 
well) were seeded in 24-well plates. The organoid cells were 
treated with DMSO or trametinib for 24 h. Thereafter, the 
cells were harvested, trypsinized, washed by PBS, fixed with 
70% ethanol, and kept at −20°C for 20 min. Subsequently, 
the cells were treated with Rnase (200 μg ml−1, Sigma- 
Aldrich) for 30 min at room temperature and stained 
with propidium iodide (50 µg ml−1, Sigma-Aldrich) for 
30 min at room temperature in the dark. The cells were 
then gently dissociated and passed through a 200 µm nylon 
mesh before data acquisition using flow cytometry (Guava 
easyCyte, Millipore) and the phase distributions were quan-
tified using the attached software.

Quantitative real-time PCR

After extracting total RNA from control and trametinib- 
treated organoid cells using NucleoSpin kit (Takara Bio Inc., 
Shiga, Japan), the first-strand cDNA was prepared using 
QuantiTect Reverse Transcription Kit (QIAGEN, Hilden, 
Germany) following the instructions of both manufacturers. 
Quantitative real-time PCR was carried out using QuantiTect 

SYBR I Kit (QIAGEN) and a StepOnePlus Real-Time PCR 
System (Applied Biosystems, Waltham, MA, USA). The 
ΔΔCq method was applied for quantification and GAPDH 
was used as a control gene. Specific dog primers used for 
downstream genes of ERK signaling; c-Myc, ETS transcription 
factor, ELK1, SIK1, and PLA2G4A; cell cycle-related genes; 
cyclin D1, cyclin A2, cyclin E1, CDK4, CDK6, p21, and p16; 
stemness markers; CD44 and YAP1; basal cell markers, CK5 
and DSG3; luminal cell markers, ERBB2 and GATA3; carbo-
platin sensitivity-related genes; MSH2, MLH1, and ERCC1 are 
listed in (Table 2).

Immunofluorescence staining

Immunofluorescence staining of BC organoids and their xeno-
graft sections were performed as described previously.4,14 After 
fixation of sections in 4% PFA for 1 h and dehydration with 
30% sucrose solution at 4°C overnight, they were embedded in 
OCT compound. The frozen sections were made using Leica 
CM3050 S Research Cryostat (Leica Biosystem, Buffalo Grove, 
IL, USA). Sections were blocked with 1.5% normal goat serum 
(NGS)/PBS at room temperature for 1 h. Subsequently, they 
were incubated with primary antibodies (cyclin D1 1:200, 

Table 2. Primers for real-time quantitative PCR analysis.

Primer Sequence

C-Myc Forward 5′-ATGCCTCTCAACGTCAGCTT-3′
Reverse 5′-CAGCAGCTCGAATTTCTTCC-3′

ELK1 Forward 5′-CAGCATTCACTTCTGGAGCA-3′
Reverse 5′-CCACCACAGCTAGAGCACAA-3′

SIK1 Forward 5′-CGTTTGGTGTTTTGGCTTTT-3′
Reverse 5′-CATCTGCTCAGTGCAAGGAA-3′

PLA2G4A Forward 5′-CCCAGACCTCCGATTCAGTA-3′
Reverse 5′-TGTACCATGTGGAGCCAGAA-3′

Cyclin D1 Forward 5′-ATGCTAGAGGTCTGCGAGGA-3′
Reverse 5′-ATGAAGTCGTGTGGGGTCAT-3′

Cyclin A2 Forward 5′-TGAGGGCTATCCTTGTGGAC-3′
Reverse 5′-GGTGCAGCTAGGTCAAAAGC-3′

Cyclin E1 Forward 5′-TCGCAGAGCTTTTGGATCTT-3′
Reverse 5′-GCACCATCCACTTGACACAC-3′

CDK4 Forward 5′-CCCCGTCCAGTACAGACAGT-3′
Reverse 5′-AGGCAGAGATTCGCTTGTGT-3′

CDK6 Forward 5′-TGCACAGTGTCACGAACAGA-3′
Reverse 5′-CGATGCACTACTCGGTGAGA-3′

p21 Forward 5′-CTACCCTTCCCCCATTTCAT-3′
Reverse 5′-TCTTGCCCTTCAGAGGCTTA-3′

p16 Forward 5′-ACAGCCCGGACTTCAAGAAT-3′
Reverse 5′-AAGCATGCAGGGAAGAGTTG-3′

CD44 Forward 5′-CCAAGACAGTTCCAGGGTGT-3′
Reverse 5′-TTGAGGTTTCCGCATAGGAC-3′

YAP1 Forward 5′-CACAGCATGTTCGAGCTCAT-3′
Reverse 5′-AGAGGAGGTCTTGGCCATCT-3′

CK5 Forward 5′-CAAGGTCCTGGACACCAAGT-3′
Reverse 5′-ATGCTGTCCAGCTGTCTCCT-3′

DSG3 Forward 5′-CCTTGGGTTGTTGCAGTTTT-3′
Reverse 5′-ATCGATCCCGAGGCTTATCT-3′

ERBB2 Forward 5′-CCCCGAGAGTATGTGAAGGA-3′
Reverse 5′-ACTTCCAGATGGGCATGAAG-3′

GATA3 Forward 5′-GTCCCTCCAGCCCTTTCTAC-3′
Reverse 5′-GGCAAACGTCATTTTGCTTT-3′

MSH2 Forward 5′-AGTTCTCATGGCCCAGATTG-3′
Reverse 5′-ACTGTCACCAGCCCCTACAC-3′

MLH1 Forward 5′-GGGACTTCGGAAACATCAGA-3′
Reverse 5′-CTTTCGGGAATCATCTTCCA-3′

ERCC1 Forward 5′-GTTGGCCTCTGTTGTGGTTT-3′
Reverse 5′-CAAGGGGTTGGAATGAGAGA-3′

GAPDH Forward 5′-AACTCCCTCAAGATTGTCAGCAA-3′
Reverse 5′-CATGGATGACTTTGGCTAGAGGA-3′
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Figure 1. Effects of trametinib on cell viability and activation of cell signaling in dog bladder cancer (BC) organoids. Experimental schema of analysis of BC organoids (a). 
After BC organoids were generated from urine samples of BC diseased dogs, they were used for the following experiments. Protein expression and activated level of EGF- 
related signals in BC organoids (b). Expression level of phosphorylation of EGFR, total EGFR, phosphorylation of ERK, and total ERK was compared between normal 
bladder epithelial cells (NB) and several strains of BC organoids (Or1-5) as determined by Western blotting (n = 3). Equal loading amounts of protein was confirmed by 
total VCP antibody. Histological analysis of BC organoids (c). Representative images of hematoxylin and eosin (H&E) staining of each BC organoid were shown. Scale bar: 
100 μm. Representative phase-contrast images (scale bar: 500 μm) of the sensitivity of BC organoids to different concentrations of trametinib for 72 h using Prestoblue 
cell viability assay (d, n = 3–6) and its quantification (e). 100% represents cell viability of each control. Results were expressed as mean ± SEM. Effects of trametinib on 
activation of EGFR and ERK in BC organoids. After BC organoids were seeded into Matrigel, they were treated with trametinib for 3, 6, 12 and 24 hours. Expression level of
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CD44; 1:200, YAP1; 1:200, CK5; 1:200, MSH2; 1:200) and kept 
at 4°C overnight. Thereafter, the sections were washed 3 times 
with PBS and incubated with secondary antibody for 1 h. The 
images were captured by a confocal microscope (LSM 800; 
ZEISS, Copenhagen, Germany).

TUNEL staining

Detection of apoptosis in the frozen sections of BC organoids 
and their xenograft-derived tumor tissues was performed 
using the DeadEnd Fluorometric terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) system 
(Promega Co., Madison, USA) following the manufacturer’s 
instructions. BC organoid cells (1 × 105 cells per well) were 
seeded and cultured for 24 h and then treated with trametinib 
(1 µM) or DMSO for 72 h. Frozen sections were prepared 
from treated cells and kept at −80°C until apoptosis assay. The 
subsequent procedures for apoptosis assay were carried out 
following the manufacturer’s protocol. Concisely, after wash-
ing the slides with PBS for 5 min, they were fixed in 4% PFA 
for 15 min. Sections were then permeabilized with 2% protei-
nase K solution in PBS for 15 min. After PBS washing, sec-
tions were fixed again in 4% PFA for 5 min. The DNase 
I (0.5 U)-treated slide was prepared as a positive control. All 
sections were then treated with 100 ul of equilibration buffer 
for 10 min. After that section was treated with 100 ul of rTdT 
incubation buffer, covered by plastic coverslips, and incubated 
at 37°C inside a humidified chamber for 60 min, and the 
tailing reaction was then terminated by immersion of slides 
in 2X SCC solution for 15 min. Cell nuclei were counter-
stained with 3 µg mL−1 Hoechst (in PBS) for 5 min. The 
sections were sealed, and the fluorescein12-dUTP-labeled 
DNA was visualized by fluorescence imaging.

The images were captured by a confocal microscope (LSM 
800; ZEISS).

Organoid xenograft studies

All experimental procedures were carried out following the 
recommendations of the ‘Guide for the Care and Use of 
Laboratory Animals’ and approved by ethics committees of 
Tokyo University of Agriculture and Technology (Approval 
number: 29–92). To study the in vivo anti-cancer effects of 
trametinib against xenograft BC organoids, BC organoid cells 
(1 × 106) were subcutaneously implanted into the back of male 
SCID (C.B-17/IcrHsd-Prkdcscid, Japan SLC) mice (n = 12). 
After forming a tumor of a certain size, the mice were ran-
domly divided into two groups and trametinib or vehicle was 
intraperitoneally injected (1 mg kg−1, 6 days per week) for one 
month. Tumor dimensions were measured every week by 
caliber and their volumes (V) were estimated using V = 1/2 

(L × W2), where L is the longest dimension (length) and W is 
the width (shortest dimension). The mean tumor volumes were 
recorded for each group. Six weeks post-injection of organoids, 
mice were anesthetized by isoflurane before cervical dislocation 
and tumors were isolated and weighed. The sections were 
prepared for H&E, TUNEL staining, and immunofluorescence 
staining.

Statistical analysis

Data shown are means ± SEM. Statistical evaluations were 
performed using a one-way analysis of variance (ANOVA) 
followed by Bonferroni’s test. P-values ≤0.05 were statistically 
significant.

Results

Effects of trametinib on cell viability and activation of cell 
signaling in dog BC organoids

In the previous study, we established the method of dog BC 
organoids and suggested that dog BC organoids become a new 
experimental model of human MIBC.4 To clarify the molecular 
mechanisms in BC organoids and identify the effective mole-
cular targeting drugs, we analyzed the activated signaling, 
histological characteristics, and drug sensitivity in BC orga-
noids (Figure 1a). Since activation of EGF-regulated signaling 
was reported in several human MIBC,18 we checked the expres-
sion and phosphorylation level of EGFR and ERK in dog BC 
organoids. As expected, expression and phosphorylation levels 
of EGFR and ERK in five strains of BC organoids were upre-
gulated compared with normal bladder tissue cells (Figure 1b 
and Figure S1). Staining of organoids with H&E showed the 
basal solid-like structure with squamous differentiation (Figure 
1c), which corresponded to the typical histology of MIBC in 
human. We next checked the effect of a MEK inhibitor, trame-
tinib on the cell viability of BC organoid cells. Interestingly, 
trametinib even at low concentration (0.03 μM) drastically 
inhibited the viability of organoid cells in all strains (Figure 
1d,e). Thereafter, we checked the time-course effects of trame-
tinib on activation of ERK and EGFR. As presented in (Figure 
1f,g), trametinib completely inhibited phosphorylation of ERK 
in BC organoids even at 3 h after treatment and the effect 
continues to 24 h. However, there was no effect on phosphor-
ylation of EGFR. We further checked the downstream signals 
of ERK cascade. Among the several transcriptional genes, tra-
metinib significantly inhibited expression of c-Myc, ELK1, 
SIK1, and PLA2G4A (Figure 1h and Figure S2). These findings 
indicate the potential role of ERK downstream signals in the 
growth and proliferation of BC and trametinib may become 
a new therapeutic agent against human MIBC.

phosphorylation of EGFR and ERK was determined by Western blotting (f, g, n = 4–5). Equal protein loading was confirmed using total actin antibody. Results were 
expressed as mean ± S.E.M. ﹡P < .05 vs. control. Effects of trametinib on expression of downstream signal of ERK in BC organoids. Expression of c-Myc, ETS transcription 
factor, ETS Like-1 protein (ELK1), Salt-Inducible Kinase 1 (SIK1), and phospholipase A2 group 4A(PLA2G4A) mRNA was determined by quantitative real-time PCR (h). 
Expression level of each gene was quantified based on the ration of expression level to GAPDH and shown as fold increase relative to control (n = 4). Results were 
expressed as mean ± S.E.M. ﹡P < .05 vs. control.
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Figure 2. Effects of trametinib on cell cycle arrest and apoptosis in BC organoids. After BC cells were treated with trametinib (1 μM for 24 h), they were stained with 
propidium iodide (PI). Distribution of cell cycle phases (G0/G1, S, and G2/M) of BC organoid cells was analyzed by flow cytometry (a). The population of G0/G1, S and G2 

/M phases in BC organoids was expressed as mean ± S.E.M (n = 4). ﹡P < .05 vs. control. Effects of trametinib on expression of cell cycle-related genes in BC organoids 
(b). Expression of cyclin D1, cyclin A2, cyclin E1, CDK4, CDK6, p21, and p16 mRNA was determined by quantitative real-time PCR. Expression level of each gene was 
quantified based on the ration of expression level to GAPDH and shown as fold increase relative to control (n = 4). Results were expressed as mean ± S.E.M. ﹡P < .05 vs. 
control. Expression of cyclin D1 in trametinib-treated BC organoids. Representative photomicrographs were shown (n = 3). Scale bar: 50 μm (c). Expression level was 
quantified by counting the cyclin D1-positive cells (d, n = 3). Results were expressed as mean ± S.E.M. ﹡P < .05 vs. control. Effects of trametinib on apoptosis in BC 
organoids (e). After BC cells were treated with trametinib (1 μM for 72 h), they were stained with terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL). 
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Effects of trametinib on cell cycle arrest and apoptosis 
in BC organoids

We next checked whether trametinib affects cell cycle in BC 
organoids. In the trametinib treatment of BC organoid cells, 
the ratio of G0/G1 phase fractions was significantly elevated, 
whereas the G2/M phase fractions were significantly declined 
(Figure 2a). To investigate the detailed mechanisms of cell 
arrest by trametinib in BC organoids, we examined the effects 
of trametinib on expression of cell cycle-related genes. After 
24 h trametinib treatment, mRNA expression level of cell cycle- 
related genes was investigated. Among the several genes, cyclin 
D1, cyclin A2, cyclin E1, and CDK4 were significantly down-
regulated, whereas CDK6, p21, and p16 did not change (Figure 
2b). Interestingly, cyclin D1 and cyclin E1 were downregulated 
in a time-dependent manner, whereas cyclin A2 and CDK4 
were downregulated only after 24 h treatment (Figure S3). 
Further confirmation at protein expression level was carried 
out and the data revealed that cyclin D1 was significantly less 
expressed in the trametinib-treated organoids compared with 
the control (Figure 2c,d). Regarding apoptotic responses, tra-
metinib treatment increased the ratio of TUNEL-positive cells, 
but the effect was minimal (Figure 2e,f). These data indicate 
that trametinib decreased the cell viability of BC organoids 
through cell arrest rather than apoptosis induction.

Effects of trametinib on stemness of BC organoids

Since cancer stem cell (CSC) markers are implicated in growth, 
invasion, angiogenesis, chemotherapy resistance, and metasta-
sis of MIBC, the effect of trametinib on expression of two 
important markers, CD44 and YAP1 which were upregulated 
in most of MIBC19 was investigated. Treatment of BC orga-
noids with trametinib (1 µM) significantly decreased the 
expression level of CD44 mRNA at 12 and 24 h, while YAP1 
expression was significantly upregulated in a time-dependent 
manner (Figure 3a). Further confirmation of these findings at 
the protein expression level was undertaken using immuno-
fluorescence staining with CD44 and YAP1 antibodies (Figure 
3b). Considering these data, we hypothesized that 
a combination treatment of trametinib and YAP inhibitor 
more efficiently decrease the cell viability of BC organoids. 
To prove this hypothesis, the synergistic effect of YAP inhibi-
tor, verteporfin (VP) (0.3 µM) with trametinib at low concen-
tration (0.03 µM), on the viability of BC organoids was 
assessed. As expected, trametinib plus VP inhibited to 
a greater extent the cell viability of BC organoids and the effect 
was significantly higher compared with the sole treatment of 
each drug (Figure 3c,d). Furthermore, after co-treatment with 
VP, the apoptotic level was assessed using TUNEL staining. 
Interestingly, VP plus trametinib-treated BC organoids 
increased apoptotic cells compared with trametinib alone or 
DMSO-treated (control) organoids (Figure 3e,f). These results 
indicate that the combinational treatment of trametinib and 

YAP1 inhibitor is a good therapeutic strategy for the treatment 
of MIBC.

Effects of trametinib on phenotype of BC organoids

After long-term (72 h) trametinib treatment of BC organoids, 
we observed the morphology clearly changed. The basal solid- 
like structure was transformed into a luminal cystic and thin- 
like one (Figure 4a,b). Trametinib treatment significantly 
decreased the ratio of basal-like organoids, while the luminal- 
like ones increased compared with control (Figure 4c). To 
confirm the trametinib-induced phenotypic changes, we 
checked the expression of basal and luminal markers by using 
quantitative real-time PCR. Expression of mRNA of basal 
markers, CK5 and DSG3 was significantly decreased, while 
the expression of luminal ones, ERBB2 and GATA3 was sig-
nificantly increased in the trametinib-treated BC organoids 
compared with control (Figure 4d). At the protein expression 
level, the immunofluorescence data revealed that trametinib 
significantly decreased the number of CK5-positive cells 
(Figure 4e,f). These results indicate that trametinib induced 
basal to luminal differentiation of BC organoids.

Effects of trametinib on tumor growth against 
xenografted BC organoids in immunodeficient mice

To check the effects of trametinib in vivo, we performed 
a xenograft experiment of BC organoids and trametinib was 
administrated to mice after tumor-forming (Figure 5a). Four 
weeks after administration, the tumor growth in the trameti-
nib-administered mouse group was significantly arrested com-
pared with the control group (Figure 5b,c). Also, the tumor 
weight was significantly lower in the trametinib group com-
pared with the control group (Figure 5d). Histological analyses 
showed that trametinib induced EMT-like structural changes 
in the tumor tissue compared with the control tumor tissues 
(Figure 5e). TUNEL staining showed few apoptotic changes in 
the tumor tissues of trametinib-administered mice compared 
with the control ones (Figure 5f). We also observed that 
expression of CK5 in the tumor tissues of trametinib-treated 
mice was significantly decreased compared with the control 
ones (Figure 5g,h), indicating that the luminal differentiation 
also occurred in the tumor tissues. These results suggest the 
in vivo efficacy of trametinib in the treatment of MIBC.

Effects of long-term trametinib administration to mice on 
drug sensitivity of xenograft-derived organoids

To analyze whether the long-term trametinib administration to 
mice affects drug sensitivity of tumor tissues, tumor tissues 
from trametinib-treated and control mice were dissected for 
developing xenograft-derived organoids and were used for 
experiments (Figure 6a). On day 3 after culture, the xenograft- 

DNase-treated organoid cells were used as the positive control (n = 3). The green fluorescence area indicates apoptotic-positive organoids cells and the blue DAPI 
staining shows intact DNA. The white arrows indicate apoptotic-positive cells. Scale bar: 50 μm. Quantification of apoptosis in trametinib-treated and non-treated cells 
was analyzed by ImageJ software (F, n = 3). Results were expressed as mean ± S.E.M. ﹡P < .05 vs. control.
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Figure 3. Effects of trametinib on stemness of BC organoids. Expression levels of CD44 and YAP1 mRNA in trametinib-treated (1 μM, 24 h) BC organoids were 
determined by quantitative real-time PCR (a). Expression level of each gene was quantified based on the ration of expression level to GAPDH and shown as fold increase 
relative to control (n = 4). Results were expressed as mean ± S.E.M. ﹡P < .05 vs. control. Expression of CD44 and YAP1 protein in trametinib-treated (1 μM, 24 h) BC 
organoids. Representative photomicrographs were shown (b, n = 3). Scale bar: 50 μm. Combinational effects of YAP inhibitor and trametinib on cell viability of BC 
organoids (c). Representative phase-contrast images of the trametinib (1 μM) alone, in combination with YAP1 inhibitor, verteporfin (VP) (0.3 μM), or VP (0.3 μM) alone 
for 72 h on BC organoids. Scale bar: 500 μm. The enlarged images were shown below for each image. Cell viability was assessed using Prestoblue kit and 100% 
represents the cell viability of each control (d, n = 6). Results were expressed as mean ± S.E.M. ﹡P < .05 vs. control, #P < .05 vs. trametinib. Apoptosis level was assessed 
by TUNEL staining in each BC organoid (e). Scale bar: 50 μm. Quantification of apoptosis in each BC organoid was analyzed by ImageJ software (f, n = 4). Results were 
expressed as mean ± S.E.M. ﹡P < .05 vs. control, #P < .05 vs. trametinib.
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Figure 4. Effects of trametinib on morphologic/phenotypic plasticity of BC organoids. Representative bright-field images (a) and H&E staining (b) of the differentiated BC 
organoids compared with control ones after trametinib (1 μM) treatment for 72 h. Scale bar: 500 μm. The enlarged images were shown below for each image. The ratio 
of basal-like and luminal-like organoids was quantified by using ImageJ software (c, n = 4). Effects of trametinib on expression of basal and luminal marker genes in BC 
organoids (d). mRNA expression of basal cell markers, CK5 and DSG3 and luminal cell ones, ERBB2 and GATA3 was determined by quantitative real-time PCR. Expression 
level of each gene was quantified based on the ration of expression level to GAPDH (n = 4). Results were expressed as mean ± S.E.M.﹡P < .05 vs. control. Expression of 
CK5 in trametinib-treated BC organoids. Representative photomicrographs were shown (e). The white arrows indicate apoptotic-positive cells. Scale bar: 50 μm. 
Expression level was quantified by counting the CK5-positive cells (F, n = 3). Results were expressed as mean ± S.E.M. ﹡P < .05 vs. control.
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Figure 5. Effects of trametinib on tumor growth against xenografted BC organoids in immunodeficient mice. Experimental schema of in vivo experiment (a). After BC 
organoid cells were subcutaneously injected into the back of SCID mice and tumors formed, trametinib and the vehicle was administered to the mice at the 
concentration of 1 mg kg−1 for 4 weeks. Thereafter, the tumor volume was measured by clipper every week for 6 weeks (B, n = 6). Tumor tissues of each group was 
isolated and used for analysis. Comparison of tumor growth curve (b), size (c), and weight (d) between trametinib- or vehicle- administered mice. Results were expressed 
as mean ± S.E.M. ﹡P < .05 vs. vehicle. Representative H&E staining images of the tumor tissue sections from trametinib- or vehicle- administered mice (e). Scale bar: 
200 μm. Confocal microscopy fluorescence images of apoptosis as determined by TUNEL staining of frozen sections of tumor tissues from trametinib-treated or vehicle- 
administered mice (f, n = 3). Sections treated with DNase I were used as a positive control. Scale bar: 50 μm. Expression level of CK5 in sections from dissected tumors of 
trametinib- or vehicle-administered mice as determined by confocal microscopy (g, scale bar: 50 μm). Expression level was quantified by counting the CK5-positive cells 
(h, n = 3). Results were expressed as mean ± S.E.M. ﹡P < .05 vs. vehicle.
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Figure 6. Effects of long-term trametinib administration to mice on drug sensitivity of xenograft-derived organoids. Experimental schema of generation of xenograft- 
derived organoids from trametinib administered and vehicle-administered mice and the analysis (a). Bright field (b) and H&E staining (c) images of the vehicle (XDO-C) 
and trametinib (XDO-T) administered mice-derived tumor organoids. Scale bar: 500 μm. Sensitivity to trametinib (d, n = 3–6) and carboplatin (e, n = 3–6) was analyzed 
by Prestoblue kit. Results were expressed as mean ± S.E.M. 100% represents the cell viability of each control. Expression of a carboplatin sensitivity-related gene, MSH2 
mRNA in each organoid was determined by quantitative real-time PCR. Expression level of gene was quantified based on the ration of expression level to GAPDH (f, 
n = 4). Results were expressed as mean ± S.E.M. ﹡P < .05 vs. vehicle. Expression level of MSH2 in xenografted tumor-derived organoids and original tissues (g, n = 3) 
from trametinib- or vehicle-administered mice. Scale bar: 50 μm. Schematic summary of the present study (h). Trametinib promoted cell cycle arrest, inhibited stemness, 
changed the phenotype of BC organoids, which may lead to the inhibitory effects of tumorigenesis in vivo. Besides, long-term trametinib administration enhanced the 
sensitivity to carboplatin through upregulation of MSH2 gene in the tumor tissues.
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derived organoids from trametinib-administered mice (XDO- 
T) showed a fewer number, smaller size, and lower growth 
speed compared with those of the control group (XDO-C) 
(Figure 6b). After passaging, their organoid-forming efficiency 
soon recovered. The histological difference between XDO-C 
and XDO-T was not observed (Figure 6c). Interestingly, after 
the long-term (four weeks) administration of trametinib, the 
organoid sensitivity to trametinib (Figure 6d), mitoxantrone, 
and vinblastine (Figure S4) did not change, while the sensitivity 
to carboplatin was enhanced (Figure 6e). To clarify the mole-
cular mechanisms of the upregulation of sensitivity to carbo-
platin, expression level of carboplatin sensitivity-related genes, 
MSH2, MLH1, and ERCC1 was examined. Among these genes, 
MSH2 was significantly upregulated in XDO-T compared with 
XDO-C (Figure 6f). The protein expression level of MSH2 was 
also increased in XDO-T compared with XDO-C as well as in 
the corresponding tumor tissues (Figure 6g). These results 
indicate that xenograft-derived tumor tissues did not develop 
resistance to trametinib after 4 weeks administration period. 
Additionally, trametinib enhanced the sensitivity of the XDO- 
T to carboplatin.

Discussion

In the current study, we investigated the effects of trametinib 
on dog BC organoids. The main findings are as follows: 1) 
trametinib inhibited to a higher extent the viability of orga-
noids and the activation of ERK but not EGFR (Figure 1d,g) 
through inhibition of expression of c-Myc, ELK1, SIK1, and 
PLA2G4A (Figure 1h and Figure S2), 2) trametinib inhibited 
G2/M phase fractions of the cell cycle and expression of cell 
cycle-related genes (Figures 2a-d and Figure S3) with little 
apoptosis induction (Figures 2e and Figure 3) CD44 was down-
regulated while YAP1 was upregulated after trametinib treat-
ment (Figures 3a,b and Figure 4) YAP1 inhibitor, verteporfin 
showed synergism with trametinib (Figures 3c-f and Figure 4) 
trametinib induced basal to luminal differentiation of BC orga-
noids with upregulation of luminal markers (ERBB2 and 
GATA3) and downregulation of basal ones (CK5 and DSG3) 
(Figures 4 and Figure 5) trametinib inhibited tumor growth of 
engrafted BC organoids in mice with basal to luminal differ-
entiation of tumor tissues (Figures 5 and Figure 6) xenograft- 
derived organoids from trametinib-administered mice showed 
specifically enhanced sensitivity to carboplatin through upre-
gulation of MSH2 expression (Figure 6e-g). Collectively 
(Figure 6h), our data suggest the value of our organoid model 
as a new tool to provide new therapeutic insights for BC.

While BC is frequent, its management is often difficult 
especially for the MI type which is solid and of basal origin2 

with more stemness and EMT20 and is often metastatic.21 In 
recent years, BC overall incidence and mortality have shown 
a steady upward trend and have become a significant challenge 
to people’s health.22 To improve treatment strategies, new 
research models are necessary, for which organoids are 
a promising one. Organoids are generated from auto- 
renovating stem cells which typically recapitulate the in vivo 
architecture of original tissues, functions, and genetic and 
molecular imprints.23 It holds great promise for establishing 

new personalized treatments and analyzing drug resistance in 
the medical field.13,24–28 The treatment strategies for BC con-
tinue to expand and their efficacy varies depending on the type, 
clinical stage, and associated risk factors29 with a positive shift 
toward the more personalized therapy. For MIBC, the current 
standard of care is cisplatin-based chemotherapy followed by 
radical cystectomy, immunotherapy, gene therapy, or targeted 
therapy. Targeted therapy strategy functions the agent to iden-
tify oncogenic targets as cell surface antigen, a membrane 
protein molecule, or gene fragment of cancerous cells, and 
then induces necrosis and apoptosis of tumor cells. Recently, 
several oncogenic targets and signaling pathways were impli-
cated and targeted, but mostly in BC cell lines.30 For example, 
everolimus was used to target AKT in the mTOR pathway,31 

lapatinib to target HER2 (ERBB2) in the RTK/MAPK signaling 
pathway,32 and erlotinib to target EGFR in EGF signaling 
pathway33. Among the several targets, ERK1/2 which is acti-
vated by MEK1/2 is important signaling pathways implicated 
in bladder carcinogenesis in both humans18 and dogs.34

In the present study, both total expression and phosphor-
ylation level of EGFR and ERK were upregulated in the BC 
organoids (Figure 1b, Figure S1). Thus, the therapeutic target-
ing of an upstream protein of ERK, MEK is important to stop 
its growth.35 Trametinib, the promising MEK1/2 inhibitor has 
been approved for the treatment of several cancers,10 but not 
yet for BC due to the scarcity of data. In the present study, we 
investigated, in details and for the first time, the effect of 
trametinib on our established BC organoids of basal solid-like 
structure (Figure 1c), as a model for human MIBC.4 The 
treatment of BC organoids with trametinib significantly inhib-
ited phosphorylation of ERK (Figure 1f,g) but not EGFR. We 
further checked the downstream signals of ERK cascade and 
found that, among the several signals, trametinib significantly 
inhibited the c-Myc, ETS transcription factor, ELK1, and SIK1 
signals (Figure 1h). Interestingly, our results showed that ELK1 
and SIK1 are targets of trametinib in BC. ELK1 was recently 
shown to be involved in BC progression36 and here for the first 
time in BC organoids progression. Also, in the present study 
and for the first time, SIK1 was shown to be involved in BC 
progression. Recently, SIK1 was reported to be upregulated 
and involved in progression of several cancers including color-
ectal cancer,37 medulloblastoma,38 and non-small cell lung 
cancer39 and its downregulation suppressed these tumors. 
These data imply that trametinib inhibited BC growth by 
targeting the ERK downstream signals, ELK1 and SIK1.

Since many cancer stem cell (CSC) markers are implicated 
in growth, invasion, angiogenesis, chemotherapy resistance, 
and metastasis of MIBC,40 the effect of trametinib on two 
important stem cell markers, CD44 and YAP1 was investigated 
in the BC organoids. Treatment of BC organoids with trame-
tinib successfully inhibited CD44 but unexpectedly upregu-
lated YAP1 (Figure 3a,b). CD44 is a cell surface adhesion 
molecule located at the basal layer of the normal 
urothelium41 and involved in cancer cell proliferation, migra-
tion, metastasis, angiogenesis, EMT, aggressiveness, and dis-
ease progression.42 Therefore, inhibition of CD44-related 
stemness by trametinib decreased the viability of BC organoids 
in the present study. Of note, CD44 inhibition might be 
a consequence of inhibition of the ERK signaling pathway.43 

368 M. ELBADAWY ET AL.



In other cancers, trametinib treatment inhibited ERK phos-
phorylation and decreased CD44 expression in malignant 
pleural mesothelioma cells44 and esophageal squamous cell 
carcinoma.43 YAP1 is a downstream transcription coactivator 
and a major nuclear effector of the Hippo tumor suppressor 
pathway.45 YAP1 is highly expressed in most BC patients, 
confers CSC traits,46 promotes tumorigenesis,47 protects BC 
from chemotherapy-induced DNA damage,19 and contributes 
to the progression of it to an advanced stage and poor 
prognosis.48 The YAP1 inhibitor, VP (a photodynamic therapy 
to treat macular degeneration of the retina) was used recently 
to target YAP1 signaling pathway in mesothelioma,49 prostate 
cancer,50 melanoma,51 and BC cell lines.47 In BC, VP was 
successfully shown to inhibit the progression of T24 and RP- 
B-01 BC cell lines in a dose-dependent manner via induction of 
apoptosis, decreasing SOX2 expression, and enhancing che-
motherapy efficacy.47 In the present study, VP successfully 
inhibited the cell viability of BC organoid cells in a dose- 
dependent manner (data are not shown) and showed syner-
getic effects on the trametinib-treated BC organoid cells 
through induction of apoptosis (Figure 3e,f). These results 
and ours highlight the oncogenic role of the YAP1 signaling 
pathway in BC and its pharmacological targeting by VP is 
important to arrest BC progression by induction of apoptosis 
and lowering the stemness.

BC can be grouped into basal and luminal subtypes.52 Basal- 
subtype BC is muscle-invasive, more aggressive, metastatic, 
difficult to treat with poor outcomes, and higher EMT due to 
its enriched CSC traits than luminal one.52 As noted, the tested 
strains of BC organoids in the current study are of basal solid- 
like structure with squamous differentiation (Figures 1c and 
Figure 4a,b) that mimics the human MIBC.4,52 Similarly, the 
basal MIBC showed more squamous features21 and expression 
of the higher molecular weight keratins (CK5, CK6, CK14) and 
CD44 expression21 that characterizes cells in the basal layer of 
normal urothelium53 and MIBC with squamous 
differentiation.21 This kind of BC revealed more aggressiveness 
and had shorter overall survival.54 Interestingly, trametinib 
treatment induced morphological and molecular alterations 
of BC organoids (Figure 4). These data indicate the efficacy of 
trametinib in decreasing the basal and squamous features of BC 
organoids and therefore might help for decreasing the aggres-
siveness of MIBC.

The high invasions, metastasis, and resistance of MIBC 
to most of the chemotherapy agents necessitate the contin-
ual search for new combinational treatment strategies to 
improve the survival rate of patients, especially in precision 
medicine. Using chemotherapy agents alone is usually toxic 
and intolerant for the patients. The treatment modality that 
combines two or more therapeutic agents with different 
mechanisms of action with lowering their doses, is 
a cornerstone of cancer therapy as it potentially reduces 
resistance and metastasis and increases survival rate.55 

Therefore, new therapeutic strategies that provide effective 
results and target the survival pathways at an affordable 
cost are being considered. In the present study, XDO-T 
showed a significantly enhanced sensitivity to the platinum- 
based adjuvant therapy, carboplatin (Figure 6e). Analyzing 
this valuable effect, we found that among the several genes 

(MSH2, MLH1, and ERCC1) responsible for enhancing 
carboplatin sensitivity, MSH2 was significantly upregulated 
(Figure 6f). Recently, high MSH2 expression was shown to 
mediate the death of MIBC cells by the platinum-based 
chemotherapy56 and predicting the response to it.57 The 
expression of ERCC1, MLH1, and MSH2 in different 
tumors were associated with response and outcome to pla-
tinum-based chemotherapy.58 Contrarily, tumor cells that 
were deficient in MLH1 and MSH2 were resistant to cis-
platin in vitro.59,60 In vivo, lower MLH1 expression levels 
in lung cancer patients were associated with worse 
prognoses.61 However, patients with higher expression of 
ERCC1 appeared to benefit from platinum-based post-
operative adjuvant chemotherapy.58,62 Carboplatin was 
tried either alone63 or with others like piroxicam64 or 
gemcitabine65 for treatment of dog BC. However, the out-
comes as median survival time and progression rate were 
not improved.64 The combination of carboplatin with tra-
metinib was trialed recently for the treatment of locally 
advanced non-small-cell lung cancer,66 but never for 
human BC. Therefore, based on our findings, using trame-
tinib with carboplatin therapy is reasonable as a new stra-
tegic option for better treatment of both human and 
dog BC.

In conclusion, we for the first time investigated the effect of 
trametinib on BC organoids. Our results showed the efficacy of 
trametinib against BC organoids in vitro and in vivo (Figure 
6h). These data suggest that trametinib has therapeutic poten-
tial for MIBC, particularly in ERK-overexpressing one. Our 
data also implied a new strategy of trametinib-YAP inhibitor 
or trametinib-carboplatin combination as a promising treat-
ment of BC. Further confirmation studies on the roles of ERK 
downstream signals, c-Myc, ELK1, SIK1, and PLA2G4A in BC 
organoid will help the development of future targets of MIBC.
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