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Urothelial carcinoma (UC) comprises the majority of bladder
cancers. Standard platinum-based chemotherapy has a response
rate of approximately 50%, but drug resistance develops after
short-term treatment. Deubiquitinating (DUB) enzyme inhibi-
tors increase protein polyubiquitination and endoplasmic retic-
ulum (ER) stress, which might further suppress cancer stemness
and overcome cisplatin resistance. Therefore, we investigated
the cytotoxic effect and potential mechanisms of b-AP15 on
urothelial carcinoma. Our results revealed that b-AP15 induced
ER stress and apoptosis in BFTC905, T24, T24/R (cisplatin-
resistant), and RT4 urothelial carcinoma cell lines. Inhibition
of the MYC signaling pathway and cancer stemness by b-AP15
was confirmed by RNA sequencing, RT-PCR, immunoblotting,
and sphere-forming assays. In the mouse xenograft model, the
combination of b-AP15 and cisplatin showed superior therapeu-
tic effects compared with either monotherapy.

INTRODUCTION
Urothelial carcinoma comprises more than 90% of bladder cancers.
According to the 2021 Surveillance, Epidemiology, and End Results
(SEER) database, bladder cancer accounts for 4.4% of all new cancer
cases and 2.8% of all cancer deaths in the United States. The 5-year sur-
vival for in situ disease is 96%, but the 5-year survival for metastatic
disease is only 6.4%.

The standard regimen for metastatic urothelial carcinoma is platinum-
based chemotherapy,which is comprised of cisplatin1,2 for patientswith
intact renal functions and weaker carboplatin3 for patients with
impaired renal functions. Chemotherapy was the only option until
the invention of immune-checkpoint inhibitors, which exhibited overall
response rates of approximately 20%–30% in cisplatin-ineligible
patients.4–6 The first and only approved targeted therapy for urothelial
carcinoma is erdafitinib, which only benefits patients who bear the un-
commonFGFR3mutation.7Most recently, erfortumabvedolin, an anti-
body-drug conjugate directed against nectin-4, demonstrated positive
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results in third-line treatment for metastatic urothelial carcinoma
(UC).8 Despite these advances in new treatment modalities, cisplatin
is still the most important therapy for UC and has the highest response
rate (approximately 50%). The study of drug resistance against cisplatin
has been of upmost importance, and the underlying mechanisms
include cancer stemness.9

Recently, proteasome inhibitors have gained attention in cancer
treatments. The 26S proteasome degrades ubiquitin-tagged proteins
and comprises a core catalytic 20S particle with two 19S regulatory
caps. The deubiquitinating (DUB) inhibitor b-AP15 decreases the
DUB activity of 19S particles, thus increasing protein ubiquitination
and subsequent protein degradation. The actual mechanism involves
the inhibition of two 19S deubiquitinases, ubiquitin-specific pepti-
dase 14 (USP14) and ubiquitin C-terminal hydrolase 5 (UCHL5), re-
sulting in accumulation the of polyubiquitin.10

Previously, b-AP15 was shown to increase the of the ubiquitination
of the antiapoptotic protein BcL-2, inducing apoptosis in some cancer
cells. The 19S regulatory particle and USP14 are therefore potential
therapeutic targets.11,12 Other mechanisms have been proposed
to be associated with the apoptotic effects, including endoplasmic
reticulum (ER) stress, oxidative stress, and TRAIL-mediated
apoptosis.13–16

Most recently, Ding et al. reported suppression of Wnt/Notch1
signaling by b-AP15 in hepatocellular carcinoma cells, resulting
in decreased cancer cell survival.17 In addition to its proapoptotic effect,
this finding revealed the possible ability of b-AP15 to overcome
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stemness-related drug resistance in cancer cells. We herein present the
first report regarding the therapeutic effect of b-AP15 against chemo-
sensitive and chemoresistant UC and the synergistic effect of b-AP15
in combination with cisplatin.
RESULTS
UCHL5 and USP14 are increased in bladder UC

First, we evaluated the presence of UCHL5 and USP14 in human
bladder UC tissues. Immunohistochemistry (IHC) showed positive
UCHL5 (Figures 1A and 1E) and USP14 (Figures 1B and 1F) staining
in the tumor region. The IHC intensity score of UCHL5 and USP14
was higher in the tumor than in the non-tumor region
(Figures 1A and 1B). The IHC intensity score of UCHL5 and
USP14 was higher in chemoresistant patients than in chemosensitive
patients (Figures 1C, 1D, 1G, and 1H). These findings suggested that
UCHL5 and USP14 are expressed in bladder UC and are related to
chemoresistance.
b-AP15 increases the accumulation of polyubiquitinated

proteins and induces ER stress

To confirm the pharmacological action of b-AP15, the BFC905,
T24, T24/R, and RT4 cell lines were treated with different concen-
trations of b-AP15 up to 2,000 nM for 24 h and then underwent
immunoblotting using an anti-ubiquitin antibody. Immunoblot-
ting indicated increased polyubiquitination in bladder UC cells
as the drug concentration increased (Figure 2A). Immunoblotting
with ER stress makers, including anti-Bip, anti-ATF4, and anti-
CHOP, was increased in responses to b-AP15 treatment (Fig-
ure 2B). Comparing the RNA sequencing (RNA-seq) of T24 cells
treated with 400 nM b-AP15 or normal saline for 6 h, the Gene
Ontology (GO) terms of differentially expressed genes revealed
enrichment in unfolded protein response, ER stress, and apoptosis
(Figure 2C). These results are consistent with b-AP15, as a DUB
inhibitor, enhancing the accumulation of polyubiquitinated pro-
teins and subsequent ER stress.
b-AP15 decreases cell viability and induces apoptosis in

bladder UC

To evaluate the cytotoxicity of b-AP15 in human UC cells, a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
was performed after treating the cell lines with different concentrations
of b-AP15. The decrease in cell viability was generally dose and time
dependent, with half maximal inhibitory concentration (IC50) values
ranging from 250 to 2,000 nM (Figure 3A). Flow cytometry revealed
an approximately 3-fold increase in apoptotic cells after treatment
with b-AP15 (Figures 3 and S1). Immunoblotting showed increased
apoptotic markers including cleaved-PARP, cleaved caspase-3, and
Figure 1. The increase of UCHL5 in urothelial carcinoma is associated with ch

(A and B) The expression of (A) UCHL5 or (B) USP14 in tumor or normal tissue was evalua

specimens were immunohistochemically stained with (C) anti-UCHL5 or (D) anti-USP1

Student’s t tests. Parafilm-embedded clinical tumor samples were sliced for immunoche

(F) anti-USP14 antibody. (G and H) UCHL5 (G) or USP14 (H) expression of chemoresis
cleaved caspase-7 (Figure 3C). These findings confirm that the cytotox-
icity of b-AP15 resulted from the induction of apoptosis.

b-AP15 suppresses cancer stemness by inhibiting the

b-catenin and c-myc signaling pathways

After treating T24 cells with 400 nM b-AP15 or normal saline for 6 h,
gene set enrichment analysis (GSEA) of RNA-seq revealed downregu-
lation of pathways related to b-catenin, MYC, cancer stem cell, and
cisplatin resistance (Figures 4A–4D). More specifically, the treatment
of b-AP15 downregulated genes related to proliferation and cell divi-
sion, including MKI67, CCNB1/2, TOP2A, or CDK1 (Figure S2).
Genes that are downregulated upon b-catenin depletion including
EIF3A, EGFR, HMGA2, and SOX9 were suppressed within b-AP15
treatment; these genes are also involved in cancer progression
(Table S6). Genes related to cancer stemness or drug resistance also
declined, such as GJA1, VWDE, CDK6, MYB, and AKT3
(Figures S3 and S4). RT-PCR demonstrated decreased MYC mRNA
transcription after b-AP15 treatment in a dose-dependent manner,
except for RT4 cells (Figure 4E). Immunoblotting confirmed the
decrease in b-catenin and c-myc protein levels (Figure 4F). The
sphere-forming assays (Figure S5) showed a decrease in both sphere
numbers (Figure 4G) and diameters (Figure 4H) after b-AP15 treat-
ment. These results indicate that b-AP15 reduced cancer stemness by
inhibiting the b-catenin and c-myc signaling pathways.

b-AP15 and cisplatin exert synergistic effects in bladder UC by

suppressing b-catenin and myc expression

By immunoblotting, the combination of b-AP15 and cisplatin
induced higher levels of apoptotic proteins than either monotherapy
(Figure 5A). The b-catenin level in RT4 and the c-myc level in T24
were induced by cisplatin. In other cell lines, the b-catenin and
c-myc proteins were unchanged or only slightly suppressed by
cisplatin. After combining with b-AP15, the b-catenin and c-myc
proteins were markedly suppressed (Figure 5B). Under a fixed con-
centration ratio (Tables S2–S5) of b-AP15 and cisplatin, the combina-
tion index indicated a synergistic effect of combining b-AP15 and
cisplatin in UC cell lines (Figure 5C). These results suggested that
b-AP15 suppressed cisplatin-induced cancer stemness by inhibiting
the b-catenin-c-myc signaling pathways and that the two drugs
work synergistically against UC cells.

b-AP15 reduces tumor growth in mouse xenograft models

BFTC905 and T24 cells were injected into mice as subcutaneous
xenografts. The mice were divided into 4 groups that received intra-
peritoneal injection with normal saline, b-AP15 (7.5 mg/kg thrice a
week), cisplatin (5 mg/kg twice a week), or combined b-AP15 +
cisplatin, respectively (Figure 6A). Tumor volume and weight were
evaluated after 4 weeks of treatment, which revealed significant
emo-resistance

ted through the IHC staining. (C and D) Five chemoresistant and five chemosensitive

4 antibody. (A)–(D) were presented as Tukey’s range and analyzed using two-tailed

mistry analysis. (E and F) Tumor or normal tissue were stained with (E) anti-UCHL5 or

tant or chemosensitive samples was measured using IHC staining.

Molecular Therapy: Oncolytics Vol. 26 September 15 2022 389

http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy: Oncolytics

390 Molecular Therapy: Oncolytics Vol. 26 September 15 2022



www.moleculartherapy.org
reductions in both tumor volume (Figures 6B–6E) and tumor weight
(Figures 6F–6H) in the combination groups, compared with the con-
trol groups and the cisplatin groups. The body weights of the mice did
not change significantly during the study period (Figures 6I–6K).
These results indicated that the combination of b-AP15 and cisplatin
is superior to cisplatin monotherapy against UC in vivo.

DISCUSSION
To date, few attempts have been made to combine cisplatin with
potential agents that target one or more of the resistance mecha-
nisms. The once-promising immune-checkpoint inhibitor (ICI)-
chemo combination turned out to be unbeneficial in a phase 3
clinical trial,18 presumably to have resulted from the inhibition of
the immune system by chemotherapy. In recent years, b-AP15 has
demonstrated in vitro and in vivo responses in multiple myeloma,12

breast cancer,19 oral squamous cell carcinoma,20 prostate cancer,21

leukemia,22 and mantle cell lymphoma.23 Specifically, Sooman et al.
demonstrated synergistic effects of b-AP15 in combination with
cisplatin, gefitinib, gemcitabine, or vinorelbine in lung cancer cells.24

Their results indicated that DUB inhibitors significantly potentiated
the cytotoxic effects of all of these chemotherapies in at least one
cell line.

Cancers can survive after conventional chemotherapy and radio-
therapy due to the presence of cancer stem cells. Cancer stem cells
exhibit dysregulated self-renewal capacity and can generate tumor
cells in an unlimited fashion. Four transcription factors, MYC,
OCT4, SOX2, and NANOG, are essential for maintaining pluripo-
tency and self-renewal. Signaling pathways in normal stem cells,
such as Wnt, Notch, and Shh, are dysregulated in cancer stem cells.
While cancer stem cells are defined by their maintenance of long-
term clonal growth in functional repopulation assays, stemness refers
to the integrated functioning or molecular program that governs the
stem cell state. Cancer stem cells are antiapoptotic, causing tumor
recurrence, progression, and metastasis.25

Whether ER stress contributes or reduces stemness remains elusive.
The chaperone GRP78 is overexpressed in many cancers.26 In colo-
rectal cancer, ER stress has been shown to result in loss of stemness.27

In contrast, ER stress is also required to maintain stemness in cancer
cells.28 Knockdown of GRP78, ATF6, and XBP1 has been shown to
resensitize cancer to chemotherapy.29 Recently, many studies have
investigated the role of DUB enzymes in the maintenance of cancer
stemness. When ubiquitins are removed from substrates by DUB en-
zymes, these substrates escape proteasomal degradation. Many DUBs
stabilize several cancer stem cell (CSC)-associated transcription factor
and oncogenic proteins. For example, USP2a stabilizes MDM2 and
thus suppresses TP53 function, USP21 deubiquitinates Nanog and in-
creases stemness, and USP22 upregulates SOX2.30–32 Due to the par-
Figure 2. b-AP15 inhibits deubiquitination and leads to ER stress

The BFTC905, T24, T24/R, and RT4 cells were treated with b-AP15 at the indicated do

markers were measured by immunoblotting. (C) T24/R cells were treated with 1,500 nM

gulated within b-AP15 treatment. BP or MF displays Biological Process or Molecular F
adoxical effect of ER stress on stemness, either activation or inhibition
of ER stress and unfolded protein response may have therapeutic po-
tential against CSCs.33

Our study confirmed the pharmacological actions of b-AP15, alone
and in combination with cisplatin, in human UC cells. Induction
of ER stress and apoptosis after b-AP15 treatment is evident.
We also demonstrated the synergistic effect and the suppression
of cancer stemness in the b-AP15-cisplatin combination. This
combination was superior to either monotherapy in mouse xeno-
graft model.

MATERIALS AND METHODS
Reagents and antibodies

b-AP15 (#HY-13989) was obtained from MedChemExpress
(Monmouth Junction, NJ, USA). We purchased the UCHL5
(#11527-1-AP) antibody from Proteintech Group (Rosemont, IL,
USA). Bip (#3183), ATF4 (#11815), CHOP (#2895S), cleaved
caspase-3 (#9664), cleaved caspase-7 (#8438), caspase-3 (#14220),
caspase-7 (#12827), c-myc (#18683), b-catenin (9582-P), cleaved
PARP (#9541), and PARP (#9542) antibodies were purchased from
Cell Signaling Technology (Danvers, MA, USA). The b-actin anti-
body (#sc-69879) was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA) and an anti-ubiquitinylated protein antibody
(#04–263) from Merck Millipore (Burlington, MA, USA).

IHC

We obtained bladder cancer tissue from patients who received sys-
temic chemotherapy. The response evaluation criteria in solid tumors
(RECIST) was applied to define the response to chemotherapy. Cases
with partial or complete response to chemotherapy were considered
chemosensitive, while patients with progressive disease were classified
as chemoresistant. The specimens before chemotherapy were used for
experiments in chemosensitive cases, whereas the specimens after
chemotherapy were used in the chemoresistant cases.

The experiments involved in human material were approved and the
informed consent for the use of existing tissues (from July 2009 to
March 2019) was waivered by the 118th meeting of Research Ethics
Committee B of the National Taiwan University Hospital on May
10, 2019 (approval no. 201901032RINB).

IHC experiments were performed as previously reported.34 In brief,
the sections were incubated with UCHL5 (#11527-1-AP, Proteintech)
antibody for 1.5 h. The immunoreactivity of UCHL5 and the IHC
score were evaluated by W.C. Lin, a board-certificated uro-oncology
specialist and pathologist who was blinded to the clinical data. The
IHC score was calculated by multiplying the percentage of positive
staining by the intensity score.
ses for 24 h. (A and B) The expression of (A) poly-ubiquitination level or (B) ER stress

b-AP15 for 6 h. Gene Ontology (GO) analysis demonstrates the top 30 terms upre-

unction groups of GO, respectively.
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Figure 3. The treatment of b-AP15 induces apoptosis in human urothelial carcinoma cell lines

(A) The BFTC905, T24, T24/R, and RT4 cells were treated with b-AP15 at indicated concentrations for 24 or 48 h. MTT assay was performed to determine cell viability.

(#p < 0.0001). (B) The cells were treated with b-AP15 at indicated concentrations for 24 h, followed by flow cytometry analysis. Apoptotic cells represent the cell population

with higher Annexin-V expression (*p < 0.05; **p < 0.01; #p < 0.0001). (C) The cells were treated with b-AP15 for 24 h, then immunoblotting was conducted to estimate the

expression of apoptosis markers.

Molecular Therapy: Oncolytics
Cell culture and the chemo-resistant strain

The BFTC905 (#60068) cell line was obtained from the Bioresource
Collection and Research Center (BCRC), Taiwan. We purchased
the T24 (#HTB-4) cell line and RT4 (#HTB-2) cell line from the
392 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
American Type Culture Collection (ATCC), USA. The T24/R cell
line was derived from T24 cells with cisplatin resistance, which was
established as previously described.35 Briefly, T24 cells were first
treated with low-dose cisplatin for 1 month at first, followed by a



Figure 4. b-AP15 inhibits cancer stemness via c-myc downregulation in UC cell lines

(A–D) RNA sequencing data fromDMSO- or b-AP15-treated T24/R cells was analyzed via gene set enrichment analysis (GSEA). NES, normalized enrichment score. (E and F)

ThemRNA (E) expression or protein (F) expression of c-myc was determined via quantitative real-time PCR or immunoblotting (*p < 0.05; ***p < 0.001; #p < 0.0001). The cells

were subjected to tumorsphere cultivation assay with or without a low-dose b-AP15 treatment (50 nM). (G and H) The results of this assay were presented as relative sphere

numbers (G) and sphere diameters (H) (*p < 0.05; **p < 0.01; #p < 0.0001).

www.moleculartherapy.org
gradual increase in cisplatin concentration until the acquisition of the
T24/R resistant strain. The sensitivity to cisplatin of each cell line was
tested using an MTT assay (Figure S6).

BFTC905 cells were cultured in high-glucose DMEM (#11995040,
Gibco, Thermo Fisher Scientific, Waltham, MA, USA) containing
15% FBS (#10437028, Gibco). RT4 cells were cultured in modifiedMc-
Coy’s 5A medium (#16600082, Gibco) containing 10% FBS
(#10437028, Gibco) and 1 mM sodium pyruvate (#11360070, Gibco).
T24 and T24/R cells were cultured in RPMI 1640medium (#11875085,
Gibco) containing 10% FBS. All media were supplemented with 2 mM
L-glutamine (#A2916801, Gibco) and 100 mg/mL streptomycin-100
units/mL penicillin (#15140–122, Gibco). All cells were cultured at
37�C in a humidified 5%CO2 atmosphere, and the cells were harvested
and subcultured using 0.05% trypsin-EDTA (#15400-054, Gibco) to
reach approximately 90% confluence.
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Figure 5. The synergistic effect of b-AP15 and cisplatin on human UC cells

The BFTC905, T24, T24/R, and RT4 cells were treated with b-AP15 and/or cisplatin at the indicated doses for 24 h. (A and B) The expression of (A) apoptosis markers or

(B) cancer stemness markers were determined by immunoblotting. (C) The MTT assay was performed to evaluate cell viability, and the cell viability data was subjected to

calculate the combination index (CI) values. CI values less than 1 indicate the synergistic effects.

Molecular Therapy: Oncolytics
Cell viability assay

A total of 2*103 cells per well were seeded into 96-well plates and grown
overnight. Then, the cells were treated with a sequential concentration
of b-AP15 and/or cisplatin for the indicated time or received no treat-
ment. After treatment, cell viability was determined using an MTT
(#21795, Cayman Chemical, AnnArbor,MI, USA) assay by incubating
the cells with 500 mg/mLMTT in culturemedium at 37�C for 2 h. Next,
we discarded the supernatant and dissolved the formazan crystals
394 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
formed by metabolically viable cells in dimethyl sulfoxide (DMSO).
Finally, the absorbance was measured at 570 nm using a Multiskan
GO Microplate Spectrophotometer (Thermo Fisher Scientific).

Combination index

We analyzed the combined effects of b-AP15 and cisplatin using
CalcuSyn software (v.1.1.1, Biosoft, Cambridge, UK) based on the
method described by Chou and Talalay.36 Based on the various IC50



Figure 6. b-AP15 sensitizes the therapeutic effects of cisplatin in mouse xenograft model

(A) The timeline and dosages of the treatment to themouse xenografts. (B) Images of excised tumor from each group. (C–E) Tumor volume of each groupwas recorded during

the treatment. (F–H) The weights of tumors were evaluated after the harvest. (I–K) The body weights of the mice were tracked at the indicated dates. Each set of data are

presented as mean ± SEM (C–H) or ± SD value (I–K) (n = 6) (*p < 0.05; **p < 0.01).

www.moleculartherapy.org
values of b-AP15 and cisplatin in each cell line, we treated the cells with
different ratios of drugs as follows: 1:10 in BFTC905 cells, 1:50 in T24
cells, 1:100 in T24/R cells, and 1:10 in RT4 cells. A combination index
(CI) analysis was performed following previous studies.37 CI effects
were used to describe the combined dose effects, in which values less
Molecular Therapy: Oncolytics Vol. 26 September 15 2022 395
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than 1 indicate synergistic effects. In addition, values greater than or
equal to 1 indicated antagonistic or additive effects, respectively.36

Immunoblotting

Immunoblotting experiments were performed using standard proto-
cols.38 Briefly, total cellular proteins were isolated in lysis buffer con-
taining protease and phosphatase inhibitors. Cell lysates were quan-
tified using a Pierce BCA Protein Assay Kit (#23225, Thermo Fisher
Scientific) and denatured in 5� sodiumdodecyl sulfate (SDS) sample
buffer at 95�C for 10 min. Equal amounts of proteins were subjected
to 8%–15% SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and subsequently transferred to a polyvinylidene difluoride
(PVDF) membrane (GE Healthcare Life-Sciences, Chicago, IL,
USA). The membrane was blocked with 3% bovine serum albumin
(BSA)/Tris-buffered saline with 0.1% Tween-20 (TBST) buffer and
immunoblotted with selected primary antibodies at 4�C overnight.
Membranes were incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (#GTX213110-01, #GTX213111-
01, GeneTex, Alton Pkwy Irvine, CA, USA) after washing with
TBST. The signals were developed using Immobilon Western
Chemiluminescent HRP Substrate (ECL) (#WBKLS0500, Merck
KGaA, Darmstadt, Germany) and captured with an ImageQuant
LAS 4000 system (GE Healthcare Life-Sciences). We analyzed the
images via ImageQuant TL8.1 and quantified them by Image J
software.

Quantitative real-time PCR

Total RNAwas extracted using NucleoZOL (#740404.200, Macherey-
Nagel GmbH & Co. KG, Düren, Germany). The RevertAid First
Strand cDNA Synthesis Kit (#K1622, Thermo Fisher Scientific) was
used to reversetranscribe total RNA to complementary DNA
(cDNA). Ten nanograms of cDNA from each sample were subjected
to qPCR amplification using PowerUp SYBR Green Master Mix
(#A25741, Thermo Fisher Scientific) using the QuantStudio 7 Flex
Real-Time PCR system (Applied Biosystems, Thermo Fisher Scienti-
fic, Waltham, MA, USA). All procedures were performed following
the manufacturers’ instructions. Gene-specific primer sequences are
shown in Table S1. The 2�DDCt method was implemented to analyze
relative gene expression, wherein target gene expression was normal-
ized toGAPDH. The results of at least three independent experiments
are displayed as the mean ± SD.

Flow cytometry

To detect the apoptotic cell population, b-AP15-treated cells were
harvested using trypsin-EDTA followed by staining of the Muse An-
nexin V and Dead Cell Assay Kit (#MCH100105, Luminex, Austin,
TX, USA) according to the manufacturer’s instructions. We quanti-
fied stained cells using a Guava Muse Cell Analyzer (Luminex) equip-
ped with Muse Analysis software.

Tumorsphere cultivation

The tumorsphere cultivation method has been previously repor-
ted.39We seeded 1� 104 cells/well into ultralow adherent 6-well plates
(#3471, Corning, Corning, NY, USA) in serum-free DMEM/F-12 me-
396 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
dium (#11330032, Gibco) containing N-2 supplement (#17502048,
Gibco), 20 ng/mL FGF-basic (#AF-100-18C, PeproTech, Rocky Hill,
NJ, USA), and 20 ng/mL EGF (#AF-100-15, PeproTech). We supplied
freshly prepared medium every 3 days until day 14. The sizes of the tu-
morspheres were measured under an Eclipse Ti2-U inverted micro-
scope (Nikon Instrument, Melville, NY, USA) equipped with NIS-Ele-
ments BR imaging software. Sphereswith diameters greater than 50mm
were defined as tumorspheres.
RNA-seq analysis

T24/R cells were seeded in a 6 cm dish and treated with b-AP15
or DMSO. RNA was isolated from UC cells using NucleoZOL re-
agent (Macherey-Nagel). Quality control and sequencing of RNA
samples were conducted by Biotools Biotech. The original data
were acquired from the NovaSeq 6000 Sequencing System (Illu-
mina, San Diego, CA, USA). We performed GO pathway enrich-
ment analysis using clusterProfiler (v.3.10.1).40 Gene expression
profiling and GSEA were conducted with 1,000 permutations
to identify the enrichment of biological functions and the molecu-
lar signatures database (MSigDB) was applied for activated path-
ways.41 Raw sequencing data is available under BioProject acces-
sion number PRJNA780349.
UC xenograft model

The IACUC of National Taiwan University approved all in vivo exper-
iment protocols (IACUCapproval no. 20210201). T24 cells (5� 106) or
BFTC905 cells (5 � 106) were suspended in 100 mL medium without
serum supplementation. After adding an equal volume ofMatrigelMa-
trix (#354234, Corning), the mixture was subcutaneously injected into
8-week-old male BALB/cAnN mice weighted 20 ± 2 g. Cg-Foxnlnu/
CrlNarlmicewere obtained from theNational LaboratoryAnimalCen-
ter (Taipei, Taiwan). The cages ofmice were located in the same rack to
minimize the potential confounders. The mice were irregularly divided
into four groups 2weeks after injection and treatedwith b-AP15 and/or
cisplatin or normal saline. The treatment solution is prepared in the
following proportion: 45% normal saline, 40% polyethylene glycol
300, 10% b-AP15 and/or cisplatin dissolved in DMSO, and 5% Tween
80. We measured the tumor volumes using the following formula:
V = (p/6)� [(A + B)/2]3, where A and B are the shortest and longest
tumor diameters, respectively. The mice with symptoms, including
losing over 20% of their body weight, severe infection, skin ulcer,
depraved appetite, over 2 cm in tumor diameter, or dying, would be
sacrificed. No blinding has been done during in vivo experiments. All
animal experiments complied with the ARRIVE guidelines and fol-
lowed the National Research Council’s Guide for the Care and Use of
Laboratory Animals.
Statistical analysis

Quantitative data are presented as the mean ± SD or mean ± standard
error of the mean (SEM). Comparisons between groups were
analyzed using two-tailed Student’s t tests, one-way analysis of vari-
ance (ANOVA), or Mann-Whitney U tests. A p value of less than
0.05 was considered statistically significant.
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Data availability statement

All data are available in the main text. The datasets analyzed during
this study are available in the clusterProfiler (v3.10.1) repository,
https://www.liebertpub.com/doi/10.1089/omi.2011.0118 and the
gene expression profiling and GSEA repository, https://www.pnas.
org/content/102/43/15545.
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