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Abstract

The protein kinase D (PKD) family of proteins are important regulators of tumor growth,
development, and progression. CRT0066101, an inhibitor of PKD, has antitumor activity in
multiple types of carcinomas. However, the effect and mechanism of CRT0066101 in bladder
cancer are not understood. In the present study, we show that CRT0066101 suppressed the
proliferation and migration of four bladder cancer cell lines in vitro. We also demonstrate that
CRT0066101 blocked tumor growth in a mouse flank xenograft model of bladder cancer. To
further assess the role of PKD in bladder carcinoma, we examined the three PKD isoforms and
found that PKD2 was highly expressed in eight bladder cancer cell lines and in urothelial
carcinoma tissues from the TCGA database, and that short hairpin RNA (shRNA)-mediated
knockdown of PKD2 dramatically reduced bladder cancer growth and invasion in vitro and in
Vivo, suggesting that the effect of the compound in bladder cancer is mediated through inhibition
of PKD2. This notion was corroborated by demonstrating that the levels of phospho-PKD2 were
markedly decreased in CRT0066101-treated bladder tumor explants. Furthermore, our cell cycle
analysis by flow cytometry revealed that CRT0066101 treatment or PKD2 silencing arrested
bladder cancer cells at the G2/M phase, the arrest being accompanied by decreases in the levels of
cyclin B1, CDK1 and phospho-CDK1 (Thr161) and increases in the levels of p27XiP1 and
phospho-CDK1 (Thr14/Tyr15). Moreover, CRT0066101 downregulated the expression of Cdc25C,
which dephosphorylates/activates CDK1, but enhanced the activity of the checkpoint kinase Chk1,
which inhibits CDK1 by phosphorylating/inactivating Cdc25C. Finally, CRT0066101 was found to
elevate the levels of Myt1, Weel, phospho-Cdc25C (Ser216), Gadd45a, and 14-3-3 proteins, all of
which reduce the CDK1-cyclin B1 complex activity. These novel findings suggest that
CRT0066101 suppresses bladder cancer growth by inhibiting PKD2 through induction of G2/M
cell cycle arrest, leading to the blockade of cell cycle progression.
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Introduction

Bladder cancer is the ninth most common cancer in the world [1, 2]. Of all newly diagnosed
patients of bladder cancer, about 70-75% present as non-muscle-invasive bladder cancers
(NMIBCs) and 25-30% are MIBCs [3]; as many as 50-70% of those NMIBCs will recur
and approximately 10-20% will develop the ability to invade into the muscular wall of the
bladder at which point the development of metastatic disease increases substantially [4]. For
patients who develop metastatic disease, median survival is just over a year with current
chemotherapy regimens [5]. Even the most effective form of therapy (cisplatin-based
chemotherapy) produces objective responses in only one-fourth of patients [6].
Unfortunately, there have been few recent advances in the treatment of bladder cancer [7-
10]. Therefore, there is an urgent need to develop therapeutic agents that can effectively treat
this potentially deadly disease.

Protein kinase D (PKD) is a subfamily of serine/threonine kinases of the calcium/
calmodulin-dependent kinase super-family and is composed of three isoforms, PKD1, PKD2
and PKD3. PKD activity has been shown to be an important part of the regulation of diverse
cellular processes, including cell migration/invasion [11, 12], proliferation [13],
angiogenesis [14], apoptosis [15], epithelial to mesenchymal transition [16, 17], vesicular
transport [18, 19], response to oxidative stress [20], response to serum growth factors [21],
and gene transcription [15]. Changes in the expression of the various isoforms of PKD have
been found in multiple cancer types [22-24], making it a potential chemotherapeutic target
for the treatment of human cancers.

Several PKD inhibitors have been developed and have been shown to be effective in
inhibiting cancer growth in vitro and in vivo [23, 25, 26]. Among them, CRT0066101
(2-[4-((2 R)-2-aminobutyl-amino)-pyrimidin-2-ylI]-4-(1-methyl-1H-pyrazol-4-yl)-phenol
dihydrochloride) (Fig. 1) is a potent small molecule pan-PKD inhibitor that targets all three
PKD isoforms and is orally bioavailable [23]. When used as a single agent, CRT0066101
has been demonstrated to block tumor growth in animal models of several types of
carcinomas including breast, colorectal, and pancreatic cancer [23, 25, 27]. Results from
these studies indicate that this compound is well tolerated in mice and produced no apparent
side effects, thus making CRT0066101 an ideal candidate for clinical development.
Additionally, in a combination treatment study, CRT0066101 has synergistic antitumor
activity with regorafenib, a multi-kinase inhibitor, in human colorectal cancer cells [28].

The mechanisms of action of CRT0066101 in cancers are still elusive. Previous studies have
shown that CRT0066101 triggers apoptosis in pancreatic and colorectal cancer, and the
apoptosis induced by CRT0066101 is associated with increase in expression of cleaved poly
ADP ribose polymerase (PARP) and activated caspase-3 in colorectal cancer and abrogating
expression of NF-xB-dependent prosurvival proteins such as survivin and cellular inhibitor
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of apoptosis protein-1 (clAP-1) in pancreatic cancer [23, 25]. In addition, a recent study on
CRT0066101 shows that the induction of cell cycle arrest may account for its mechanism of
action in colorectal cancer [23]; however, the molecular basis for cell cycle arrest by
CRT0066101 remains undefined.

The eukaryotic cell cycle is regulated by cyclins, cyclin-dependent kinases (CDKs), and
cyclin-dependent kinase inhibitors (CKIs) [29, 30]. CDK activity is modulated through three
distinct mechanisms: (1) cyclin binding; (2) positive and negative phosphorylation events;
and (3) interaction with CKIls [30, 31]. Cells pass through several checkpoints as they
proceed through the cell cycle, and certain criteria must be met to pass each of these
checkpoints. In the G2 checkpoint, CDK1 (also known as Cdc2) and cyclin B1 are the two
major players for control of the G2/M transition in the cell cycle. Therefore, the kinase
activity of CDK1-cyclin B1 is critical for the G2/M transition. The CDK-interacting protein/
kinase inhibitory protein (CIP/KIP) p27KiP1 acts as an inhibitor of CDK1 [32, 33]. The
activity of the CDK1-cyclin B1 complex is regulated, at least in part, by a positive regulator
Cdc25C and two negative regulators Mytl and Weel [34]. Cdc25C activity in turn can be
inhibited by phosphorylation on Ser216 by the upstream cell cycle checkpoint kinase 1
(Chk1) [35-37]. The phosphatase Cdc25C regulates CDK1-cyclin B1 activity by
dephosphorylation on Thrl4 and Tyr15 of CDK1, leading to the activation of the CDK1-
cyclin B1 complex [37, 38]; whereas the protein kinases Myt1 [39, 40] and Weel [41-44]
phosphorylate CDK1 at Thrl4 and Tyr15, thereby inactivating the CDK1-cyclin B1 complex
and leading to G2/M arrest [34]. Not surprisingly, the loss or deactivation of either
component of the CDK1-cyclin B1 complex will block cellular progression out of G2 [45].

To date, nothing is known about the effect and mechanism of the PKD inhibitor
CRT0066101 in human bladder urothelial cell carcinoma. We undertook this study to assess
the antitumor effect of CRT0066101 in urothelial bladder cancer and determine the
underlying mechanisms. Our focus was on whether the regulation of cell cycle control is
involved in the mechanisms for the antitumor activity of CRT0066101 in bladder cancer.
Here we report that CRT0066101 blocked bladder tumor growth in vitro and in vivo via
inhibition of PKD2 activity. CRT0066101 also had differential effects on cell survival
between urothelial bladder carcinoma cells and human uroepithelial cells. Furthermore, we
show that the effect of CRT0066101 on growth suppression of bladder carcinoma was
associated with cell cycle arrest at the G2/M phase, as well as alterations in the expression
and activation of key regulators of the G2/M transition, suggesting that the inhibitory
activity of CRT0066101 on the growth and proliferation of bladder cancer cells is mediated,
at least in part, through modulation of the cell cycle G2/M checkpoint leading to the
blockade of cell cycle progression.

Materials and methods

Chemicals and reagents

The CellTiter-Glo Luminescent Cell Viability Assay was purchased from Promega Corp.
(Madison, WI, USA). CRT0066101 was obtained from Cancer Research Technologies
(Cambridge, UK). Ninety-six-well clear flat bottom ultra-low attachment microplates were
purchased from Corning Incorp. (Oneonta, NY, USA). Polyvinylidene difluoride (PVDF)
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membranes and 4-12% sodium dodecy! sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) gels were obtained from Life Technologies (Carlshad, CA, USA). Monoclonal
antibody against phospho-PKD2 (Ser876) was from Abcam (Cambridge, MA, USA).
Monoclonal antibody against 14-3-3c was bought from ThermoFisher Scientific (Waltham,
MA, USA). Monoclonal or polyclonal antibodies against PKD1, PKD2, PKD3, phospho-
PKD2 (Ser706/710), phospho-PKD2 (Ser916), c-Jun, phospho-c-Jun (Ser63), Gadd45a.,
p27KiPl phospho-Chk1 (Ser317), phospho-Chk1 (Ser345), Cdc25C, phospho-Cdc25C
(Ser216), Weel, Myt1, cyclin B1, CDK1, phospho-CDK1 (Thr14), phospho-CDK1 (Tyr15),
phospho-CDK1 (Thr161), pan-14-3-3, 14-3-3e, and B-actin were purchased from Cell
Signaling Technology (Danvers, MA, USA). Restore Western Blot Stripping Buffer was
from Thermo Scientific (Rockford, IL, USA). Phorbol 12-myristate 13-acetate (PMA) and
all other reagents were from Sigma-Aldrich (St. Louis, MO, USA).

Cell lines and cell proliferation assay

The human bladder carcinoma cell lines SCaBER, 5637, T24, UMUC3, and TCCSUP, and
the SV40-transformed human uroepithelial cell line SV-HUC were purchased from the
American Type Culture Collection (Manassas, VA, USA). UMUC1 and UMUCS were kind
gifts from Dr. David McConkey (University of Texas MD Anderson Cancer Center,
Houston, TX, USA). T24T was a kind gift from Dr. Michael Nickerson (National Cancer
Institute, National Institutes of Health, Frederick, MD, USA). Unless otherwise noted, all
cell lines used in this study were maintained as a monolayer in minimum essential medium
(MEM), supplemented with 10% fetal bovine serum (FBS), 50 1U/ml penicillin, and 50
pg/ml streptomycin (Life Technologies), at 37 °C in a humidified atmosphere with 5% CO,.

The antiproliferative effect of CRT0066101 was assessed using an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)-based assay, as described
previously [46]. In brief, bladder carcinoma cells were evenly seeded in 96-well plates with
100 pl of MEM medium and cells were allowed to attach for 24 h during day 0. The medium
was then removed and replenished with 200 ul fresh medium containing CRT0066101 with
increasing concentrations (0, 0.625, 1.25, 2.5, 5, 10, and 20 uM). Cell numbers were
quantified at days 0, 2, and 4 by incubating cells in 0.5 mg/ml of MTT (Sigma-Aldrich) in
Opti-MEM medium at 37 °C and 5% CO, for 1 h. Finally, the optical density at 570 nm was
determined using an iMark™ Microplate Reader (Bio-Rad Laboratories; Hercules, CA,
USA). Proliferation rates were calculated from the optical densities of CRT0066101-treated
cells relative to the optical density of untreated control cells with no CRT0066101 exposure
(control value, 100%). The half-maximal inhibitory concentration (ICsg) values for
CRT0066101 at day 4 in the 4 cell lines (T24, T24T, TCCSUP, and UMUCL1) were
calculated using GraphPad Prism version 6.01 software (GraphPad Software; La Jolla, CA,
USA). ICgy was considered as the drug concentration that decreases the cell count by 50%.

Celigo cell viability assay

Bladder cancer cells (T24, T24T, TCCSUP, and UMUC1) and human uroepithelial cells
(SV-HUC) were trypsinized and placed in 96-well plates (Greiner Bio One, Monroe, NC,
USA; Cat” 655090) at a concentration of 1 x 104 cells per well, and the cells were incubated
overnight at 37 °C. CRT0066101 at 5 uM was added to those wells to a final volume of 200
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ul per well. Cells were incubated with the compound for 6 days, and then simultaneously
stained with a mixture of calcein AM, propidium iodide, and Hoechst 33342 reagents for
respective staining of live, dead, and all cells following the manufacturer’s protocol
(Nexcelom Bioscience LLC, Lawrence, MA, USA; Cat* CSK-V0001-1), and cell viability
was quantified with a Celigo® S Imaging Cell Cytometer. Live and dead cell counts as well
as the percentage of viable cells were calculated with the Celigo software program.

Growth in low attachment (GILA) assay

In this modified colony formation assay [47], we plated 3 x 103 bladder cancer cells per well
in a 96-well clear flat bottom ultra-low attachment microplate (Corning #3474) in 200 ul of
complete medium with increasing concentrations of CRT0066101 (0, 0.625, 1.25, 2.5, 5, 10,
and 20 pM). Cells without treatment with CRT0066101 were left as the untreated controls.
After 5 days of incubation at 37 °C in 5% CO,, all the cells were transferred to a 96-well
clear flat bottom white polystyrene microplate (Corning #3610) for measuring cell viability
by using the CellTiter-Glo Luminescent Cell Viability Assay (Promega). The CellTiter-Glo
Luminescent Cell Viability Assay is a homogeneous method to determine the number of
viable cells in culture based on quantitation of the ATP present, which signals the presence
of metabolically active cells. The amount of ATP is directly proportional to the number of
live cells present in culture. The plate was read on EnSpire Multimode Plate Reader (Perkin
Elmer, Waltham, MA, USA), and each condition was measured in triplicate.

In vitro cell migration and invasion assay

To assess the effect of CRT0066101 on the invasion capability of bladder tumor cells, a two-
chamber cell invasion assay (Corning #3422 and #3458) was set up with 20% medium in the
outer chamber and 1% medium in the inner chamber. Bladder carcinoma cells were first
treated with CRT0066101 at the indicated concentrations (0, 1, 2, and 3 uM), and then 2 x
10° cells were resuspended in the inner chamber in 200 pl of fresh MEM medium containing
1% FBS. After 2 days of incubation at 37 °C in 5% CO, in air, the residual cells in the inner
chamber were removed and the outer membrane of the two-chamber system was fixed with
100% methanol and stained with 1% crystal violet (Sigma-Aldrich). Excess crystal violet
solution was washed using distilled water, and cell migration/invasion was assessed under
microscopy at 10x magnification. Each experiment was performed in triplicate.

Study of bladder cancer growth in xenograft flank mouse models

Athymic NCr-nu/nu mice were raised at the Experimental Animal Center of the National
Cancer Institute under specific pathogen-free conditions and were cared for in an
environmentally controlled room with a 12-h light/12-h dark cycle and a constant
temperature of 22 °C. The mice were provided with a standard diet and water in accordance
with the guidelines for the treatment of experimental animals at the National Institutes of
Health. For investigating the role of PKD2 in bladder tumor growth, ten female athymic
NCr-nu/nu mice were injected subcutaneously in the right flank with UMUCL cells that
were transfected with either control vector or PKD2 vector. Each mouse received 2 x 10°
UMUCL cells resuspended in 100 ul of 50% Matrigel (Corning) in phosphate-buffered
saline (PBS). The mice were euthanized using CO, 14 days after UMUCL1 tumor cell
implantation, and the tumors were dissected and weighed.
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For assessing the effect of CRT0066101 on bladder cancer growth in an in vivo mouse
model, 20 athymic NCr-nu/nu mice (6-week-old) were implanted subcutaneously with 3 x
10° UMUCI cells, as described above. The treatment started 8 days after UMUC1 cells had
been injected, and mice were randomized into two groups (/7= 10 mice/group) and
administered with 100 ul of 5% dextrose (Vehicle) or with CRT0066101 (120 mg/kg/day)
dissolved in 100 pl of 5% dextrose (CRT0066101), respectively. Treatment was administered
3 days per week by oral gavage for 25 days. The tumors were measured using external
calipers three times a week, and the mean tumor volume was calculated by taking tumor
length (mm) x tumor breadth? (mm?) x 0.52. All measurements were performed in a coded,
blinded fashion. Mice were euthanized 2 h after the last dose of the therapeutic regimen, and
tumors were harvested and resected to determine protein level and activity by
immunoblotting. The above two animal studies were conducted in strict compliance with the
recommendations set forth in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health (eighth version, 2010). The animal use protocols were reviewed
and approved by the Institutional Animal Care and Use Committee of the National Institutes
of Health (Bethesda, MD, USA).

Western blot analysis

The cell cultures of bladder cancer cell lines were harvested and lysed with 200 ul of RIPA
lysis buffer containing 50 mM Tris—HCI (pH 7.4), 1.0% NP-40, 0.25% Na-deoxycholate,
150 mM NaCl, 1 mM EDTA, 1 mM aprotinin, 1 pg/ml PMSF, leupeptin, and pepstatin. The
protein concentration was quantified by BCA assay. In a separate experiment, UMUC1
xenograft tumor tissues from the vehicle-treated and CRT0066101-treated mice were cut
into small (< 10 mg) pieces and collected in a tube. Then a tiny amount of glass beads and
200-300 pl of RIPA lysis buffer were added to each tube. The tumor tissues were sonicated
using a bead beater and centrifuged at maximal speed for 15 min. Supernatants were
collected and the protein concentration was quantified by BCA assay. Equal amounts of
protein (60-80 ug) from the cell line cultures or the vehicle-treated and CRT0066101-treated
tumor explant tissues were boiled for 5 min in Laemmli buffer, separated by 4-12% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to a polyvinylidene
difluoride (PVDF) membrane (Life Technologies). The blots were probed with primary
antibodies against PKD1, PKD2, PKD3, phospho-PKD2 (Ser706/710), phospho-PKD2
(Ser876), phospho-PKD2 (Ser916), c-Jun, phospho-c-Jun (Ser63), Gadd45a., p27KiprL,
phospho-Chk1 (Ser317), phospho-Chk1 (Ser345), Cdc25C, phospho-Cdc25C (Ser216),
Mytl, Weel, cyclin B1, CDK1, phospho-CDK1 (Thr14), phospho-CDK1 (Tyr15), phospho-
CDK1 (Thr161), pan-14-3-3, 14-3-3¢, 14-3-30, and B-actin, followed by secondary AP-
conjugated antibodies. Some blots were stripped with Restore Western Blot Stripping
Buffer, and reprobed with an anti-p-actin antibody as the loading control. The
immunoreactivity was visualized by enhanced chemiluminescence (Life Technologies).

Evaluation of PKD gene expression in urothelial bladder carcinoma

Data from The Cancer Genome Atlas (TCGA) project were downloaded from the TCGA
website (http://cancergenome.nih.gov/) [48]. Level 3 RNA-Seq (RNA sequencing) count
data were downloaded for all patients with bladder cancer, and the data were transformed for
linear modeling using the voom function in the limma R package [49]. We included 131
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patients in the initial comprehensive characterization of urothelial carcinoma [48]. We also
included gene expression data for all 19 normal urothelial samples included in the TCGA
bladder cancer provisional dataset as a control reference. Gene expression was evaluated
within each of four subtypes as defined in the original TCGA publication—we matched the
TCGA identifiers in the original TCGA publication to samples in the downloaded data in
order to define the subtypes. Differences in mean gene expression between the bladder
cancer tissues and the normal urothelium tissues were analyzed by Student’s #test, while
differences in mean gene expression between the four subtypes were evaluated with analysis
of variance (ANOVA).

For determining mRNA expression of PKD in bladder tumor tissues, we analyzed the
bladder cancer data from the Oncomine database (https://www.oncomine.org). Three
independent bladder cancer datasets from three different clinical studies were used in this
analysis. The first study contained 14 normal biopsies and 46 cancer samples, where cancer
tissues were tumor biopsies from 28 superficial bladder tumors (Ta and T3), 13 invasive
carcinomas (T,—T4), and 5 biopsies from patients with carcinoma in situ (CIS) [50]. The
second study contained 48 normal urothelium and 109 cancer samples. Among the cancer
tissues, 28 samples were from superficial bladder tumors (Ta-Tis—T1), and 81 samples were
from invasive carcinoma tissues (To—T4) [51]. The third study contained 3 normal bladder
tissues and 80 bladder tumor samples, the latter include 17 Ta, 10 T4, 15 Ty, 25 T3, and 13
T4 tumors. Of the 80 bladder tumors, 74 were transitional cell carcinoma (TCC) and 6 were
squamous cell carcinoma (SCC) [52]. Differences in mean mRNA expression between the
bladder cancer tissues and the normal bladder tissues were analyzed by Student’s ¢test.

Generation of stable PKD2 depletion in bladder carcinoma cells

RNA interference-mediated silencing of the PKDZ2 gene was performed using a replication-
incompetent lentiviral plasmid vector (PLKO.I-hygro) with a hygromycin resistance marker
(Addgene™, Cambridge, MA, USA). The short hairpin RNA (shRNA) against PKD2
(PLKO.1-hygro-shPKD2) and non-target control (PLKO.I-hygro-shNTC) was constructed
with the following target sequences: 5'-CACGACCAACAG ATACTATAA-3’ for
shPKD2#1, 5'-GTTGGGTGGTTCATT ACAGCA-3’ for shPKD2#2, and 5’-
CAACAAGATGAA GAGCACCAA-3’ for shNTC.

To produce lentivirus for shPKD2 and the control sShNTC, 1.5 ug of the purified DNA
(shPKD2 or shNTC plasmid vector) and 1 pg Packaging Mix (pMD2.G and psPAX2) were
suspended in 600 pl of opti-MEM reduced serum medium (Life Technologies), and then 10
ul of TurboFect transfection reagent (ThermoFisher Scientific) was added and incubated for
25 min at room temperature. At the completion of incubation, the DNA mixture was added
to HEK-293FT cells (ThermoFisher Scientific) in 60 mm dishes at 80-90% confluence, and
6 ml of fresh medium was added the following day. Viruses were harvested from the culture
media at 2 days post transfection, and the virus-containing medium was filtered through a
0.45 p filter. Lentiviral stocks were titrated using the Lenti-X™ gRT-PCR Titration Kit
(Clontech Laboratories, Inc., Mountain View, CA, USA).

For transduction of the cell using lentivirus with ShRNA targeting PKDZ2and the control,
bladder cancer cells were plated on two 10 cm dishes and grown to 50-75% confluence in
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complete medium. The medium was then replaced with fresh complete medium, and
polybrene (Sigma-Aldrich) was added at a final concentration of 8 ug/ml. One ml of virus-
containing medium with a multiplicity of infection (MOI) of 12-16 was then added to the
tumor cell monolayers of different bladder carcinoma cell lines. These MOls were based on
the viral titer for inoculation. Unless otherwise specified, these MOls were used for
lentivirus with ShRNA targeting PKDZ2and the control shNTC throughout the study. Two
days after transduction, cells with stable expression of shPKD2 and shNTC were selected by
incubation in a medium containing hygromycin (200 pug/ml; ThermoFisher Scientific) for 4
days. Depletion of PKD2 protein from the bladder cancer cells (shPKD2#1 and shPKD2#2)
was validated by western blot analysis.

Cell cycle analysis by flow cytometry

One million UMUCL1 or T24T cells were plated in 10 cm dishes and allowed to grow until
they were 80-90% confluent. Cells were treated with CRT0066101 at the indicated
concentrations (0, 0.5, 1, 2, 2.5, and 3 uM) for 3 days. The medium was then replaced with
fresh complete medium containing 10 pM of 5-bromo-2’-deoxyuridine (BrdU), and cells
were incubated at 37 °C for 2 h. At the end of incubation, cells were converted to single cell
suspension using trypsin (Life Technologies). Cells were then fixed with 70% chilled
ethanol, and the nuclei were extracted by digesting the cells with 3 ml of 0.08% pepsin in
0.1 N HCI. The nuclei were washed with 2 N HCI followed by 0.1 M sodium borate. The
BrdU-containing DNA within the nuclei was analyzed using an anti-BrdU FITC-conjugated
antibody (Life Technologies). The DNA content was analyzed by staining the nuclei with 1
ul of FxCycle Violet Stain (ThermoFisher Scientific), and cell cycle analysis was performed
using a BD FACSCanto Il Flow Cytometer. Data were analyzed using FlowJo v14.0
software (Tree Star, Inc., Ashland, OR, USA).

Statistical data analysis

Results

Analysis of variance (ANOVA) was used for categorical variables. Student’s #test was used
to analyze the statistical significance of differences between the control groups and the
experimental groups. Statistical analyses were performed using R version 3.2.1, GraphPad
Prism version 6.01, and SPSS 18.0 (SPSS Inc., Chicago, IL, USA) for Windows. All P
values were determined using a two-sided test, and £ < 0.05 was considered statistically
significant.

CRT0066101 inhibits proliferation, anchorage-independent growth, and invasion of
urothelial bladder carcinoma cells in vitro

To test the effect of the PKD inhibitor CRT0066101 on bladder cancer cell growth and
proliferation, we chose the human bladder cancer cell lines T24, T24T, TCCSUP, and
UMUC1, which are commonly used tumor cell lines as models for studying urothelial
bladder carcinoma. The time-course of CRT0066101 suppression of the proliferation of the
four cell lines was characterized in vitro using the MTT assay. All of the four cell lines
examined showed a maximal inhibitory effect at day 4 following CRT0066101 treatment
(Fig. 2a). Similar data were observed in UMUCS3 cells (data not shown). Our dose-response
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studies of CRT0066101 at concentrations of 0.625-20 UM revealed that the compound
caused dose-dependent inhibition of the growth of the four cell lines at days 2 and 4. As seen
in Fig. 2b, the half-maximal inhibitory concentration (1Csp) values of CRT0066101 at day 4
were 0.3333, 0.4782, 0.4796, and 1.4300 uM for T24T, T24, UMUC1, and TCCSUP,
respectively. These results indicate that CRT0066101 potently inhibits cell proliferation and
induces cell toxicity in bladder cancer cells. However, 2-day treatment did not have a
dramatic effect on cell viability (see Fig. 2a), suggesting that extended exposure to
CRTO0066101 is required for it to exert its activity on cell growth and death.

To confirm the antitumor effect of CRT0066101 in bladder cancer cells, we assessed cell
viability by staining cells with live and dead cell-specific dyes using the Celigo® Image
Cytometry System. Treatment with the PKD inhibitor significantly reduced cell survival as
assessed by cell viability staining. The percentages of live cells were 41.41, 51.36, 20.90,
and 11.85% in the T24, T24T, TCCSUP, and UMUC1 groups, respectively, as compared
with the untreated control group of the respective cell lines (Fig. 2c).

However, the clinical use of CRT0066101 will be linked to its safety, particularly the lack of
toxicity in normal cells. Therefore, we evaluated the effect of CRT0066101 on cell viability
in a nontumorigenic human uroepithelial cell line, SV-HUC. The cell viability data showed
that the percentages of viable cells for SV-HUC were 92.13% (Fig. 2c), which was 2.23-,
1.79-, 4.41-, and 7.78-fold higher than those for the bladder cancer cell lines T24, T24T,
TCCSUP, and UMUCL1, respectively (P< 0.01), indicating a differential effect of
CRT0066101 on cell viability between the human epithelial bladder carcinoma cell lines and
the human uroepithelial cell line SV-HUC.

Since anchorage-independent growth is a hallmark of cancer cells but not normal cells, we
performed the GILA (growth in low attachment) assay [47] to investigate the effect of
CRT0066101 on anchorage-independent growth of bladder tumor cells using T24, T24T,
TCCSUP, and UMUC1 cell lines. Our data showed that CRT0066101 was effective in
inhibition of cell growth in low attachment conditions, with the concentrations of 2.5 and 5
UM effective in all four bladder cancer cell lines (Fig. 2d). Similar results were obtained in
UMUCS3 cells (data not shown).

Invasion through the extracellular matrix is a crucial step in tumor cell metastasis. To
determine the effect of CRT0066101 on the migration and invasiveness of bladder carcinoma
cells, we used a Boyden-chamber assay. As shown in Fig. 2e, f, treatment with CRT0066101
profoundly inhibited in vitro invasion of TCCSUP and UMUCI cells in a concentration-
dependent manner. The number of migrating cells was markedly decreased in CRT0066101-
treated TCCSUP and UMUCL cells as compared with those of the untreated control cells
(Fig. 2e, f), suggesting that CRT0066101 reduces the invasive ability of bladder cancer cells.

CRT0066101 suppresses bladder cancer growth in an in vivo tumor xenograft model

Given that cell survival and proliferation were reduced in bladder carcinoma cells in vitro
following treatment with CRT0066101 (Fig. 2), we next evaluated the effect of the
compound on human bladder cancer growth in an in vivo mouse model. The administration
of CRT0066101 significantly blocked tumor growth of xenograft bladder cancer implants.
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There was a substantial difference in tumor size between the CRT0066101-treated group and
the vehicle-treated control group even on day 18 of the therapy; at the termination of the
study (day 25 post-treatment), the difference in tumor volume between the CRT0066101
group and the control group was significant (£ < 0.0001). The average tumor volumes for
bladder cancer on day 25 of the treatment were 835.83 and 1943.08 mm3 in the
CRT0066101-treated group and the vehicle-treated control group, respectively (Fig. 3).
These data suggest that CRT0066101 has a potential therapeutic value for patients with
bladder cancer and that its targets, PKDs, may play an important role in the survival of
bladder tumors.

Evaluation of PKD gene expression in urothelial bladder carcinoma

Given that CRT0066101 is a pan-PKD inhibitor and that the PKD isoform targeted by
CRT0066101 in the bladder cancer cell is unclear, we investigated the role of the PKD
isoforms in urothelial cell carcinoma in order to elucidate the anticancer mechanism of
CRT0066101 in this tumor. To this end, we first determined the protein expression of PKD
isoforms in several different bladder carcinoma cell lines. We found that PKD2 protein was
highly expressed in all bladder cancer cell lines except for SCaBER, which presented with
slightly lower PKD2 expression levels (Fig. 4b), whereas the levels of PKD3 protein in the
eight bladder carcinoma cell lines were distinctly variable and considerably lower than those
of PKD2 (Fig. 4b). We also tested the levels of PKD1 in four bladder tumor cell lines (5637,
SCaBER, UMUC1, and UMUCS5). We only measured low levels of PKD1 in 5637 cells;
however, PKDL1 protein was not detectable in SCaBER, UMUC1, and UMUCS cell lines by
immunoblotting (Fig. 4a). The levels of PKD1, PKD2, and PKD3 expression in our bladder
cancer cell lines were similar to those detected in human colorectal cancer cell lines [23].

To evaluate the PKD gene expression in urothelial carcinoma tissues, we analyzed the levels
of PKD gene expression using a level 3 RNA-Seq count dataset in the TCGA database,
which includes 131 patient tumor samples and 19 normal urothelial samples. The mean
expression of PKDZ gene was found significantly higher in the urothelial carcinoma tissues
than that of the normal urothelial tissues (2= 0.003; Fig. 5a). We also showed that PKD2
gene expression was clearly upregulated in the bladder tumor tissues of the four molecular
subtypes of bladder cancer patients (P=0.011; Fig. 5b), whereas the levels of PKD3
expression were only moderately higher in the bladder carcinoma tissues as compared to the
normal bladder tissues in the TCGA bladder cancer provisional dataset (= 0.769; Fig. 5d).
Intriguingly, the levels of PKDI expression were obviously downregulated in the bladder
tumor tissues than in the normal bladder tissues (P < 0.001; Fig. 5¢), which is consistent
with other studies demonstrating downregulation of PKDZ in several other human cancers
including carcinoma of the prostate, breast, and stomach. These results of the protein
expression of the three PKD isoforms in bladder tumor tissues are largely consistent with
those found in our bladder cancer cell lines (see Fig. 4).

To validate the expression of PKD isoforms in bladder carcinoma tissues, we also analyzed
the mRNA expression of PKD1 and PKD2 by cDNA microarray using bladder cancer data
from three independent tumor datasets on the Oncomine database. As seen in Fig. 6a, the
levels of PKD1 mRNA in bladder tumor tissues were markedly lower than those in the
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normal bladder samples in both Blaveri et al. [52] and Sanchez-Carbayo et al. [51] studies (P
< 0.0001). In contrast, the mean mRNA expression of PKD2 isoform was significantly
upregulated in the bladder carcinoma tissues compared with the normal bladder tissues in
both Dyrskjot et al. [50] and Sanchez-Carbayo et al. [51] studies (P < 0.0001; Fig. 6b).

Depletion of PKD2 abrogates proliferation, anchorage-independent growth, and migration
of bladder cancer cells in vitro

Because PKD2 expression was upregulated in both bladder carcinoma cell lines and bladder
tumor tissues, we wanted to understand the role of PKD?2 in the proliferation and migration
of bladder cancer cells. Thus, we generated stable derivatives of 6 bladder carcinoma cell
lines (T24, T24T, TCCSUP, UMUCL1, UMUC3, and UMUCS5) under-expressing PKD2
(shPKD2#1 and shPKD2#2) and their corresponding controls (shNTC). As shown in Fig. 7a,
b, the levels of PKD2 protein in both shPKD2#1 and shPKD2#2 were decreased by about
70-80% compared to the control shNTC in a particular cell line and was consistent across
cell lines.

To validate the PKD2 depletion efficiency, we treated shPKD2#1 of UMUC1 with PMA, a
known activator of the protein kinase C/PKD pathway, and found that PMA markedly
increased PKD2 (Ser876) phosphorylation without affecting PKD2 protein expression (Fig.
7¢). We also showed that stimulation of shPKD2#1 with PMA dramatically enhanced
phosphorylation of c-Jun (Ser63), a substrate of PKD2, without significantly changing the
levels of c-Jun protein (Fig. 7c). To further verify c-Jun activation in PKD2 knockdown
UMUC1 cells following PMA stimulation, we used a Human Phospho-Kinase Antibody
Array Kit (R&D Systems, Inc., Minneapolis, MN, USA). UMUCL1 shNTC and shPKD2#1
were incubated with 200 nM of PMA for 30 min, and we showed that c-Jun (Ser63)
phosphorylation was significantly increased in shNTC cells, but remained unaltered in
shPKD2#1 cells (data not shown), indicating a decent PKD2 silencing efficiency in UMUCL1
cells.

Next, we examined cell growth and proliferation in the PKD2-depleted bladder cancer cells.
Interestingly, cellular proliferation of shPKD2#1 and shPKD2#2 was significantly reduced
in all six bladder tumor cell lines as compared with those of sShNTC in proliferation assays
(P<0.01; Fig. 8a). We also determined the ability of the bladder carcinoma T24T and
UMUCL cells under-expressing PKD2 for growth in low attachment. Cell viability was
significantly decreased in shPKD2#1 and shPKD2#2 compared with that of ShANTC (P<
0.01 or P< 0.05; Fig. 8b). Finally, we assessed the invasive ability of the bladder cancer
TCCSUP and UMUCL cells with PKDZ2 gene knockdown. The numbers of migrating and
invading cells in the PKDZ2 knockdown (shPKD2#1 and shPKD2#2) TCCSUP cells (Fig. 8c)
and UMUCI1 cells (Fig. 8d) were significantly decreased as compared with those transfected
with the control shNTC vector (P< 0.05 or £< 0.01). Taken together, the findings from both
bladder carcinoma cell lines and bladder tumor tissues suggest that PKD2 isoform may play
an essential role in the growth, invasion, and proliferation of bladder cancer cells and may be
a promising therapeutic target.
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Knockdown of PKD2 expression reduces tumor growth in a xenograft mouse model of
bladder cancer

Since PKD2 plays a vital part in bladder cancer cell proliferation in vitro, we next
determined the role of PKD2 in human bladder tumor growth in an in vivo mouse model.
For this end, we stably silenced PKD2in UMUCL cells using two shRNAs targeting PKD2
(shPKD2#1) and the control (shNTC). A total of 2 x 108 UMUCL1 cells was implanted
subcutaneously into athymic BCr-nu/nu mice on the right flank. The tumors in the shPKD2
group grew very slowly in vivo, with dimensions considerably smaller than those in the
shNTC control group (Fig. 9). There was a substantial difference in tumor mass between the
shPKD2 group and the shNTC group as early as day 7 of the study; at the termination of the
study (day 14), the difference in tumor weight between the shPKD2 group and the shNTC
control group was significant (P = 0.0194; Fig. 9). Together, these data suggest that PKD2
plays a pivotal role in the growth, proliferation, migration, and invasion of bladder
carcinoma cells in vitro and culminating in significantly slower growth rate in vivo.

Administration of CRT0066101 reduces the activity of PKD2 protein and its substrate c-Jun
in urothelial bladder carcinoma cells

We showed that PKD2 plays an essential role in bladder cancer cell growth and proliferation
(Figs. 8, 9), and that the PKD inhibitor CRT0066101 markedly suppresses anchorage-
dependent and -independent proliferation of bladder tumor cells in vitro and in vivo (Figs. 2,
3), suggesting that CRT0066101 may exert its anticancer activity in bladder carcinoma
through inhibition of PKD2. To verify this notion, we performed western blot analysis of
PKD2 protein in cell lysates from the UMUC1 tumor explants treated with CRT0066101 or
with vehicle (5% dextrose) as the control. Our data showed that CRT0066101 dramatically
decreased phosphorylation on Ser706/710, Ser876, and Ser916 of PKD2 protein without
affecting PKD2 protein expression in the tumor cells as compared with the vehicle-treated
control cells (Fig. 10a). Since c-Jun is a substrate of PKD?2, it is instructive to assess whether
inhibition of PKD2 results in the inhibition of its direct target in our bladder cancer cells, we
analyzed c-Jun and phospho-c-Jun (Ser63) in the same model system, and found that the
levels of phospho-c-Jun (Ser63) were strikingly reduced in CRT0066101-treated UMUC1
cells, while c-Jun protein levels remained unchanged as compared with the vehicle-treated
tumor cells (Fig. 10b), confirming that suppression of PKD2 isoform as well as its
downstream signaling is associated with the growth inhibitory activity of CRT0066101 in
urothelial bladder carcinoma.

Silencing and pharmacologic inhibition of PKD2 cause bladder cancer cell cycle arrest at
the G2/M phase

It is well-established that uncontrolled cell proliferation is a hallmark of cancer, and
CRT0066101 was shown to effectively inhibit bladder carcinoma cell growth in vitro and in
vivo (Figs. 2, 3), we reasoned that this inhibitory activity of CRT0066101 may be due to
interference with the cell cycle. Therefore, we examined the cell cycle perturbation after
exposure of bladder cancer cells to CRT0066101. To this end, we treated UMUC1 cells with
CRTO0066101 at 0, 0.5, 1, 2, 2.5, and 3 uM for 3 days, and performed cell cycle analysis by
flow cytometry. Figure 11a shows that CRT0066101 arrested UMUCL cells at the G2/M
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phase in a dose-dependent manner with all the concentrations examined. Similar data were
also obtained in T24T cells (Fig. 11b) and UMUCS3 cells (data not shown). These results
indicate that CRT0066101 suppresses the growth and proliferation of bladder tumor cells by
controlling the G2/M checkpoint and inducing a specific block in cell cycle progression.

To ascertain the specific role of PKD2 in G2/M phase arrest by CRT0066101, we utilized
the UMUCL cells under-expressing PKD2 (shPKD2#1 and shPKD2#2), PKD3 (shPKD3#1
and shPKD3#2), and the corresponding control (ShNTC). The proportions of cells in
different phases of the cell cycle were analyzed by flow cytometry using propidium iodide
staining. As seen in Fig. 12a, b, there were substantial increases in the fraction of cells in the
G2/M phase in PKD2-knockdown UMUC1 cells, but not in PKD3-knockdown UMUC1
cells. These data suggest that the effect of CRT0066101 on G2/M phase arrest is specifically
mediated through inhibition of PKD2 in our bladder cancer cells.

CRT0066101 causes alterations in the level and activity of cell cycle G2/M transition
regulatory proteins in xenograft bladder cancer tumor explants

Eukaryotic cell cycle progression is regulated by a series of CDKSs, their activity being
positively regulated by cyclins and negatively regulated by cyclin-dependent kinase
inhibitors (CKIls). CRT0066101 was found to block cell cycle progression and arrest
UMUCL1 and T24T cells at the G2/M phase (Fig. 11a, b), and these findings prompted us to
investigate whether inhibition of cell cycle progression by the drug was associated with
alterations in key cell cycle regulatory molecules in bladder cancer cells. To analyze the
expression of intracellular proteins regulating cell cycle progression at the G2/M boundary,
we first assessed the effect of CRT0066101 on cyclin B1, CDK1, and p27XiP1 expression in
UMUC1 tumor explants. As seen in Fig. 13a, the levels of cyclin B1 and CDK1 were
decreased but the levels of p27KiP1 were increased following treatment of UMUCT cells with
CRT0066101. Since the CDK1-cyclin B1 complex is maintained in an inactive form by
negative phosphorylation of the residues Thr14 and Tyrl5 on CDK1, and CDK1-cyclin B1
activity is increased by phosphorylation of CDK1 at Thr161, we examined CDK1
phosphorylation status by immunoblotting and found that the phosphorylation of CDK1 at
Thr14 and Tyrl5 was increased but the phosphorylation of CDK1 at Thr161 was decreased
after CRT0066101 treatment (Fig. 13a). These data suggest that reduced CDK1-cyclin B1
activity is responsible for CRT0066101-induced G2/M arrest in our model system.

The kinases Myt1 and Weel are responsible for phosphorylation of CDK1 on Thr14 and
Tyrl5 and lead to the inhibition of CDK1. Conversely, the protein phosphatase Cdc25C
activates CDK1 by dephosphorylation of the residues Thrl4 and Tyr15. Since CDK1
phosphorylation at Thrl4 and Tyr15 was enhanced by CRT0066101 treatment, we examined
the effect of the compound on Cdc25C, Myt1, and Weel expression by western blotting. As
shown in Fig. 13b, the administration of the bladder tumor with CRT0066101 markedly
reduced Cdc25C protein levels but elevated the Mytl and Weel protein levels. Additionally,
Cdc25C is kept inactive and the activity of Cdc25C in the nucleus is reduced through
negative phosphorylation at Ser216 by upstream Chk1 kinase. Therefore, we tested the
activity of Chk1 and Cdc25C and found that the levels of phospho-Chk1 (Ser317) and
phospho-Chk1 (Ser345) as well as Cdc25C phosphorylation at Ser216 were all increased in
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CRT0066101-treated UMUC1 tumor cells, indicating that enhanced Cdc25C
phosphorylation at Ser216 is attributable to the increased Chk1 activity (Fig. 13b). Since
there was an upregulation of Myt1 and Weel expression following CRT0066101 treatment
(Fig. 13b), which was positively correlated with the G2/M cell proportion (Fig. 11) and
negatively correlated with the CDK1-cyclin B1 complex activity (Fig. 13a), this suggests
that CDK1 inactivation is due not only to increased phosphorylation by Myt1 and Weel, but
also to decreased dephosphorylation by Cdc25C in UMUC1 tumor explant tissues.

Lastly, we investigated the involvement of Gadd45a and 14-3-3 proteins in cell cycle G2/M
block in CRT0066101-treated UMUCL1 bladder carcinoma cells. Gadd45a and 14-3-3
proteins are other regulators of CDK1-cyclin B1 activity in the G2/M transition of the cell
cycle. Gadd45a is involved in the G2 checkpoint through disrupting the interaction between
CDK1 and cyclin B1 [53]. 14-3-3 proteins activate kinases Chk1 [54] and Weel [55, 56].
Moreover, 14-3-3 proteins such as 14-3-3e and 14-3-3+y also bind to phospho-Cdc25C
(Ser216) and anchor Cdc25C in the cytoplasm where it cannot activate CDK1, while the
protein 14-3-3c can bind to CDK1-cyclin B1 and sequester it in the cytoplasm where it
cannot induce mitosis. Our western blot analysis of extracts from UMUC1 tumor explants
after 25-day treatment with CRT0066101 showed increases in Gadd45a., 14-3-3e, 14-3-30,
and pan-14-3-3 protein levels (Fig. 13a, b). These results suggest that the increased
expression of Gadd45a, 14-3-3e, 14-3-3a, and other isoforms of 14-3-3 proteins by
CRT0066101 may account for a large part of the reduction in CDK1-cyclin B1 activity and
the control of the G2/M checkpoint in bladder cancer cells.

Discussion

PKDs are involved in the regulation of a variety of cellular processes including cell survival,
differentiation, proliferation, and motility. Aberrant expression of PKD isoforms has been
reported in multiple types of carcinomas, making it a promising target in the development of
novel therapies for human cancers. In the current study, we show that the PKD inhibitor
CRT0066101 suppressed bladder tumor growth and invasion in vitro and in an in vivo
xenograft mouse model. We also show that CRT0066101 had differential cytotoxic activity
between urothelial bladder cancer cells and nontumorigenic human uroepithelial cells.
Furthermore, we found that shRNA-mediated knockdown of PKDZ2 expression compromised
bladder carcinoma growth and migration in vitro and in vivo, suggesting that the antitumor
activity of CRT0066101 is mediated through inhibition of PKD2 in bladder cancer. This
notion was verified through the demonstration that the activity of PKD2 was dramatically
reduced in CRT0066101-treated bladder tumor explants. These data are consistent with the
effects of CRT0066101 in several other types of human cancers including carcinoma of the
breast, colon, and pancreas [23, 25, 27]. In addition, our cell cycle analysis revealed that
CRTO0066101 treatment induced bladder carcinoma cell cycle arrest at the G2/M phase.
Further experiments showed that depletion of PKD2 also caused cell cycle G2/M phase
arrest in the same tumor cell model. Taken together, these results indicate that CRT0066101-
blocked bladder cancer growth is through induction of G2/M phase arrest of the cell cycle,
and that the effect of the compound on cell cycle arrest is mediated through inhibition of
PKD?2 in bladder urothelial cell carcinoma.
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Recently, several small molecule inhibitors targeting PKD2 including CRT0066101 have
been identified, and the latter is currently under intensive investigation for preclinical
development as an anticancer agent. Harikumar and colleagues first show that CRT0066101
given orally (80 mg/kg/day) for 24 and 21 days abrogate pancreatic cancer growth in vivo in
xenograft model and orthotopic model, respectively [25]. While Wei et al. also examine the
effect of CRT0066101 on in vivo tumor growth and find that daily administration of the
compound orally at 40, 80, and 120 mg/kg/day for 21 days all results in significantly
inhibition of colorectal cancer growth in xenograft nude mice [23]. Consistently, we show in
this study that CRT0066101 at 120 mg/kg/day orally for 25 days (3 days/week) in UMUC1
subcutaneous xenograft model potently blocked bladder cancer growth in vivo (Fig. 3).
These data from our three independent studies strongly support the development of
CRT0066101 for clinical use for different cancers, and demonstrate that daily administration
of CRT0066101 orally at 40-120 mg/kg/day for 3—-4 weeks is both effective and safe in
animal studies for different types of human carcinomas.

Although we have all shown that CRT0066101 is an effective drug in our own tumor

models, the focus of our studies on the mechanisms of the compound differs from each

other. Harikumar et al. demonstrate that CRT0066101 increases apoptosis in pancreatic
cancer cells, and that the effect of the drug on apoptosis is mediated through abrogating the
expression of NF-xB-dependent proliferative and prosurvival proteins including cyclin D1,
survivin, and clAP-1 [25]. In Wei and coworkers’ investigation, they find that in addition to
induction of apoptosis in human colorectal cancer cells, CRT0066101 also induces G2/M
phase arrest in their tumor models. However, they fail to explore the mechanism for G2/M
blockade by CRT0066101 in their studies [23]. Whereas our group show that CRT0066101
had similar effect on G2/M phase accumulation in bladder cancer cells, and we take a step
further to elucidate the molecular mechanisms underlying the effect of the compound on
G2/M cell cycle arrest in our bladder tumor model system (Figs. 13, 14). Altogether, the data
from our three groups suggest that the effect of CRT0066101 on tumor cell death and growth
inhibition is mediated via modulating cell apoptosis and cell cycle progression in different
types of cancers.

It is widely accepted that loss of cell cycle checkpoint control is a hallmark of human
cancers. The development of new antitumor drugs that target cell cycle regulatory molecules
such as CDKs is being currently explored as a therapeutic approach for cancers [35, 57].
Cell cycle progression is regulated primarily by protein kinase complexes, each of which
contains a cyclin and a CDK. CDKs usually exist as phosphorylated proteins, and their
activation is associated with a cyclin partner and other regulatory proteins [33, 58, 59]. At
the G2 checkpoint, cyclin B1 regulates cell cycle progression and provides a substrate
specific to its partner, CDK1 (Cdc2) [60]. The loss or deactivation of either cyclin B1 or
CDKZ1 will block progression to G2 phase [45].

In this study, we found that, in the CRT0066101-treated UMUC1 bladder tumor, the levels
of CDK1, phospho-CDK1 (Thr161), and cyclin B1 were decreased, whereas the levels of
phospho-CDK1 (Thrl14) and phospho-CDK1 (Tyrl5) were increased, all these leading to
reduced activity of the CDK1-cyclin B1 complex. These data suggest that the G2/M arrest
by CRT0066101 in our tumor model is due to a decrease in CDK1 phosphorylation on
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Thr161 by CDK-activating kinase (CAK), an increase in CDK1 phosphorylation on Thr14
and Tyrl5 by Mytl and Weel, and a reduction in CDK1 and cyclin B1 protein levels.

Additionally, we showed that CRT0066101 downregulated the expression of Cdc25C, which
dephosphorylates/activates CDK1, but increased the activity of the cell cycle checkpoint
kinase Chk1, which phosphorylates/inactivates Cdc25C and leads to enhanced Cdc25C
phosphorylation at the Ser216 residue in our model system. The activity of Cdc25C, which
is essential for progression into mitosis, is regulated by changes in protein level, subcellular
localization, and phosphorylation state [61]. For instance, G2/M cell cycle-blocking agents
have been shown to inhibit Cdc25C activity through phosphorylation of the Ser216 by
upstream Chk1 kinase [62, 63]. Therefore, the effect of CRT0066101 on G2/M arrest in
UMUCL1 cells may be mediated by Chk1 activation through a p53-independent Chk1/
Cdc25C/CDK1 signaling pathway.

Finally, we demonstrate that CRT0066101 induced increases in the levels of p27XiP,
Gadd45a, 14-3-3¢, 14-3-30, and other isoforms of 14-3-3 proteins in UMUCL1 bladder
cancer cells. p27kiP js a CIP/KIP family inhibitor of CDK1 kinase, but is not a target gene
of p53. While Gadd45a. is also implicated in regulation of the G2/M transition, and its
expression is mediated by both p53-dependent and -independent mechanisms. The effect of
Gadd45 on the G2/M transition is due to its ability to dissociate complexes of CDK1 and
cyclin B1 [64, 65]. Addition of recombinant Gadd45 releases CDK1 from the CDK1-cyclin
B1 complex, suggesting that Gadd45 inhibits CDKZ1 by blocking its binding to cyclin B1
[64, 65]. Upon phosphorylation by Chk1 kinase, phospho-Cdc25C (Ser216) binds to 14-3-3
proteins (14-3-3e/y), which anchor Cdc25C in the cytoplasm where it cannot activate
CDK1. Other isoforms of 14-3-3 proteins, such as 14-3-3f [55] and 14-3-3( [56], also
control the cell cycle by directly affecting Weel enzymatic activity. The association of
14-3-3 proteins to Weel enhances its activation [55, 56, 66]. Activated Weel inhibits CDK1
phosphorylation and blocks cell cycle progression [66]. For CDK1 to induce mitosis, it must
enter the nucleus, a process mediated by binding of cyclin B1 to importin p which, along
with importin a, translocates the CDK1-cyclin B1 complex into the nucleus [67, 68]. The
protein 14-3-3c can bind to CDK1-cyclin B1 and sequester it in the cytoplasm causing cells
to arrest in G2 [69], suggesting that the binding of 14-3-3o blocks entry into mitosis by
anchoring the CDK1-cyclin B1 complex in the cytoplasm.

Although CRT0066101 can modulate the activation and expression of several G2/M
transition regulators in our bladder tumor model, the ability of CRT0066101 to upregulate
14-3-3c in UMUCL cells was unexpected, because 14-3-3c has been demonstrated to be a
transcriptional target of p53, and we show by DNA sequencing that UMUCL1 cells express a
mutated form of p53 (data not given). This indicates that UMUC1 bladder cancer cells
possess alternative pathways for p53-independent 14-3-3c induction. Our data are consistent
with the literature reporting upregulation of 14-3-3o in several pancreatic carcinoma cell
lines with mutated p53 phenotype is controlled by an alternative p53-independent
mechanism [70]. It could be speculated that other p53 family members such as p63 or p73
[71] might be responsible for the enhanced expression of 14-3-3c in CRT0066101-treated
UMUC1 bladder tumor.

Cell Mol Life Sci. Author manuscript; available in PMC 2021 March 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 17

A proposed potential mechanism that is consistent with the evidence is presented in Fig. 14.
In this model, PKD2 inhibition by CRT0066101 treatment regulates the G2/M transition via
modulation of the cyclin dependent kinase CDK1, which is essential for entry into mitosis.
Binding to cyclin B1 and phosphorylation at Thr161 by CDK-activating kinase (CAK) are
required to activate CDK1. Following treatment of bladder tumor cells with CRT0066101,
the activity of Chk1 kinase is increased, which activates the inhibitory kinases Myt1 and
Weel, which then phosphorylate CDK1 at Thrl4 and Tyr15, keeping the CDK1-cyclin B1
complex inactive during G2. At the onset of mitosis, both of these residues (Thr14/Tyr15)
are dephosphorylated by the activating phosphatase Cdc25C [72]. CDK1-cyclin B1 can then
phosphorylate Cdc25C, further activating it and initiating a positive feedback loop [73].
Besides targeting Myt1 and Weel, the enhanced Chk1 kinase also phosphorylates Cdc25C at
Ser216 and reduce the activity of the phosphatase for activation of the CDK1-cyclin B1
complex. Moreover, upon phosphorylation by Chk1, phospho-Cdc25C (Ser216) binds to
14-3-3 proteins such as 14-3-3e and 14-3-3+, which anchor Cdc25C in the cytoplasm where
it cannot activate CDK1. Some isoforms of 14-3-3 proteins (14-3-3p [55] and 14-3-3( [56])
activate Weel tyrosine kinase as well, the latter inhibits CDK1 by phosphorylation on Tyr15.
Additionally, several other regulators of the G2/M transition can inhibit CDK1, including
p27KiP1 which inhibits CDK1 directly, Gadd45a, which dissociates CDK1 from cyclin B1,
and 14-3-3o, which anchors CDK1 in the cytoplasm where it cannot induce mitosis.
Together, the concerted actions of all these regulators contribute to the cell cycle G2/M
arrest, leading to inhibition of urothelial bladder carcinoma cell growth and proliferation.

Lastly, we show in this study a significant reduction in migration and invasion of bladder
cancer cells in response to silencing and pharmacological inhibition of PKD2. The
mechanisms accounting for the reduced invasive ability of bladder tumor cells by
CRT0066101 treatment or PKD2 depletion are not clear. Proteins of the matrix
metalloproteinase (MMP) family and cell adhesion molecules such as integrins are well
known for their important roles in tumor progression and metastasis. Urokinase-type
plasminogen activator (UPA) and urokinase-type plasminogen activator receptor (UPAR) are
also known to promote invasion, migration, and metastasis in cancer cells. Recent evidence
shows that CRT0066101 treatment or PKD?2 silencing markedly decreases tumor cell
migration and invasion, prevents PKD2 and c-Jun phosphorylation, and inhibits downstream
activation of p44/42 MAPK, p54/46 JNK, p38 MAPK, and NF-xB signaling [74, 75].
Silencing of PKD2 also downregulates the expression of integrin a2/4, uPA, uPAR, and
MMP1, but increases plasminogen activator inhibitor-2 (PAI-2) expression in cancer cells
[74, 75]. Further, PKD2 is found to enhance the activity of uPA and MMP9, whereas
depletion of PKD2 significantly impairs uPA and MMP9 activity in prostate carcinoma cells
[75]. These findings suggest that the distinct reduction in tumor cell migration and invasion
by pharmacologic inhibition and silencing of PKD2 is mediated via regulating expression of
the genes involved in invasion and metastasis in the uPA-uPAR and MMP pathways. In the
present study, we also show that pharmacological inhibition of PKD2 by CRT0066101 or
knockdown of PKD2 by RNA interference profoundly diminished phosphorylation of PKD2
and its substrate c-Jun in our bladder tumor model system (Figs. 7, 10). However, the
mechanism for how CRT0066101 reduces bladder carcinoma cell migration and invasion via
inhibition of PKD2 remains experimentally determined.
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Collectively, we have shown that the PKD inhibitor CRT0066101 suppressed bladder cancer
cell growth and invasion in vitro and in xenografts through inhibition of PKD2. Moreover,
CRT0066101 had differential effects on cell survival between human urothelial bladder
cancer cells and nontumorigenic human uroepithelial cells. The suppressive effect of the
compound on cell proliferation within the bladder tumor was apparently due to enhanced
cell cycle arrest at G2/M, a process mediated by modulation of the level and activity of the
key G2/M transition regulators. However, further investigation is required to examine
whether CRT0066101-induced G2/M arrest links to apoptosis, delineate the p53-dependent
signaling pathway by which CRT0066101 triggers cell cycle arrest, as well as elucidate the
mechanism underlying the inhibitory effect of CRT0066101 on cancer cell migration and
metastatic progression. This report represents a pioneering study on the mechanistic actions
of PKD inhibitors in bladder carcinoma. These findings also provide a scientific basis for
developing the use of CRT0066101 as a novel intravesical agent or a combinatorial
treatment for use with other drugs (e.g., cell cycle checkpoint inhibitors [76], histone
deacetylase inhibitors [77], and heat shock protein 90 inhibitors [78]) as a potentially more
effective chemotherapeutic regimen for treatment of bladder tumors, and suggest that further
clinical study on PKD inhibition-mediated therapy in patients with bladder cancer is
warranted.
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CRT0066101 suppresses proliferation, anchorage-independent growth, and migration of
bladder carcinoma cells in vitro. a, b Bladder cancer cells (T24, T24T, TCCSUP, and
UMUCL) were treated with CRT0066101 at the indicated concentrations. Cell viability was
determined at days 0, 2, and 4 by the MTT assay (a). Dose-response effect of CRT0066101
at 4-day treatment (b). Cell viability values are expressed relative to those for cells with no
drug exposure. The ICsq values for CRT0066101 at day 4 in the four cell lines were
calculated using GraphPad Prism version 6.01 software. ¢ Differential effect of
CRT0066101 on cell survival between human uroepithelial cells and bladder tumor cells as
determined by using a Celigo image cytometer. The four bladder cancer cell lines and the
human uroepithelial cell line SV-HUC were incubated with CRT0066101 at 5 uM for 6 days.
Cell viability was simultaneously stained with a mixture of calcein AM, propidium iodide,
and Hoechst 33342 reagents for respective staining of live, dead, and all cells, and the
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percentage of viable cells was quantified with the Celigo imaging cytometer. *~< 0.01
versus SV-HUC cells. d CRT0066101 abrogates bladder carcinoma cell growth in low
attachment (GILA). The four bladder cancer cell lines were distributed in a 96-well flat
bottom ultra-low attachment microplate and treated with CRT0066101 at the indicated
concentrations. After 5 days of incubation, cell viability was measured as described in
“Materials and methods”. MCno cells. *£< 0.01 and **£ < 0.05 vs. the untreated control
group. e, f CRT0066101 reduces the invasive ability of bladder cancer cells. A two-chamber
cell invasion assay was used for assessing the effect of CRT0066101 on the invasion
capability of bladder carcinoma cells. TCCSUP cells (€) and UMUCL cells (f) were treated
with CRT0066101 at the indicated concentrations, and cell migration/invasion was then
assessed after 2 days of incubation at 37 °C in the chamber, as described in “Materials and
methods”. The numeric data for the two cell lines are shown in the two column graphs,
respectively. *£ < 0.01 and **P < 0.05 vs. the untreated control group
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Agtitumor effect of CRT0066101 on the growth of human bladder cancer in nude mice.
Athymic NCr-nu/nu mice (6-week-old) were implanted subcutaneously with 3 x 10°
UMUCT1 cells. The treatment started after the tumors were established in the mice, and mice
were randomized into two groups (/7= 10 mice/group) and administered with 100 pl of 5%
dextrose (Vehicle) or with CRT0066101 (120 mg/kg/day) dissolved in 100 ul of 5% dextrose
(CRT0066101), respectively. Treatment was administered 3 days per week by oral gavage
for 25 days. Tumor volumes were recorded three times a week, as described in “Materials
and methods”. Mice were euthanized 2 h after the last dose of the therapeutic regimen. P<
0.0001 for the CRT0066101-treated group vs. the vehicle-treated group at day 25 of the
treatment
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Fig. 4.
Immunoblot analysis of PKD1, PKD2, and PKD3 protein levels in human urothelial bladder

carcinoma cell lines. Four bladder cancer cell lines (SCaBER, UMUC5, UMUCL, and 5637)
were used for analysis of PKD1 protein expression, while 8 bladder tumor cell lines
(TCCSUP, T24T, T24, UMUC3, SCaBER, UMUC5, UMUC1, and 5637) were utilized for
analysis of PKD2 and PKD3 protein levels. Total cellular protein was extracted from these
cell lines, and a total of 80 g cell extract protein was subjected to SDS-PAGE and
immunoblotted with an antibody against PKD1, PKD2, or PKD3, as described in Materials
and Methods. B-Actin was used as the control to verify equal protein loading and transfer
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Fig. 5.

Evaluation of PKD isoform expression in urothelial bladder carcinoma tissues using the
TCGA bladder cancer dataset. PKD gene expression was evaluated using the level 3 RNA-
Seq count dataset from the TCGA bladder cancer database, which includes 131 patients with
urothelial carcinoma and 19 normal urothelial samples. Mean expression of PKDZ2 gene is
significantly upregulated in bladder tumor tissues (&) and in the four molecular subtypes of
bladder cancer tissues (b). £ < 0.003 for the bladder cancer group vs. the normal urothelium
group. Mean expression of PKD1 gene is clearly downregulated in the four molecular
subtypes of bladder cancer tissues (c). £< 0.001 for the bladder cancer group vs. the normal
urothelium group. PKD3 gene expression is only moderately upregulated in the tumor
tissues of the four molecular subtypes of bladder cancer patients (d). 2= 0.769 for the
bladder cancer group vs. the normal urothelium group
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PKD2 mRNA expression is upregulated and PKD1 mRNA expression is downregulated in
urothelial bladder cancer tissues. a PKD1 mRNA expression was analyzed using the bladder
cancer datasets from two independent clinical studies by Blaveri et al. [52] and Sanchez-
Carbayo et al. [51], as described in “Materials and methods”. The mMRNA expression levels
of PKDL1 are significantly decreased in the bladder tumor samples of both studies. P <
0.0001 for the tumor tissue groups vs. the normal tissue groups. b PKD2 mRNA expression
was assessed using the bladder cancer datasets from two independent clinical studies by
Dyrskjot et al. [50] and Sanchez-Carbayo et al. [51] downloaded from the Oncomine
database. The mRNA expression levels of PKD2 are markedly increased in the bladder
tumor samples of both studies. £ < 0.0001 for the tumor tissue groups vs. the normal tissue
groups
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Fig. 7.

Knockdown of PKDZ2 gene expression in urothelial bladder carcinoma cells. a UMUCL1 cells
stably transduced with lentivirus coding for human shRNA sequences for PKDZ2and non-
target control were used for analysis of PKD2 expression. Total cellular protein was
extracted from these cells, and a total of 80 g cell extract protein was analyzed by SDS-
PAGE and immunoblotting with an antibody against PKD2 or p-actin to verify equal
loading. b Quantitation of the PKD2 protein levels in shPKD2#1 and shPKD2#2 transduced
cells comparing cells transduced with shNTC, n= 3. Error bars denote variation in
biological replicates. ¢ Validation of PKD2 knockdown efficiency in shPKD2 transduced
cells. UMUCL1 cells transduced with shPKD2#1 or shNTC were incubated with or without
200 nM PMA for 30 min and lysed. Total protein was extracted, and PKD2 and c-Jun
protein level and activity were analyzed by western blotting with the anti-PKD2, phospho-
PKD?2 (Ser876), c-Jun, phospho-c-Jun (Ser63), or p-actin antibodies, respectively. sShNTC,
non-target control; shPKD2#1, PKD2 clone 1; shPKD2#2, PKD2 clone 2; PMA, Phorbol
12-myristate 13-acetate
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Fig. 8.
Knockdown of PKDZ2 expression decreases proliferation, anchorage-independent growth,

and invasion of bladder carcinoma cells in vitro. a Six cell lines (T24, T24T, TCCSUP,
UMUCL1, UMUC3, and UMUCS) were transduced with lentivirus coding for human shRNA
sequences for PKDZ2 (shPKD2#1 and shPKD2#2) or for the control (ShNTC). Cell growth
and proliferation were assessed by MTT assay at days 0, 2, 4, and 6 after cell plating. P<
0.01 for the shPKD2 groups vs. the control sShNTC group at day 6 in all the six cell lines
tested. b Depletion of PKD2 abrogates bladder cancer cell growth in low attachment. T24T
and UMUCT1 cell lines were transduced with lentivirus coding for human shRNA sequences
for PKD2 (shPKD2#1 and shPKD2#2) or for the control (shNTC). Cell growth in low
attachment was assessed by GILA assay at day 5 after cell plating, as described in
“Materials and methods”. *P < 0.01 and **P < 0.05 for the shPKD2 groups vs. the control
ShNTC group. ¢, d Knockdown of PKDZ2 expression compromises the invasive ability of
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bladder carcinoma cells. TCCSUP cells (c) and UMUCL1 cells (d) were transduced with
lentivirus coding for human shRNA sequences for PKDZ2 (shPKD2#1 and shPKD2#2) or for
the control (ShNTC). A two-chamber cell invasion system was set up, as described in
“Materials and methods”, and the number of invading cells was counted in ten random
microscopic fields (x40). The numeric data for the two cell lines are shown in the two
column graphs, respectively. Values are expressed as mean £ SD. **P< 0.05 and *~< 0.01
for the shPKD2 groups vs. the ShANTC group in TCCSUP and UMUC1 cells, respectively
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Fig. 9.
shRNA-mediated depletion of PKD2 dramatically reduces bladder tumor growth in

xenograft nude mice. UMUCL cells were transduced with lentivirus coding for human
shRNA sequences for PKD2 (shPKD2#1) and the control (shNTC). A total of 2 x 10°
UMUC1 human bladder carcinoma cells was implanted subcutaneously into athymic BCr-
nu/nu mice on the right flank, as described in “Materials and methods”. Mice were sacrificed
humanely 14 days later, and tumors were resected. The tumors on mice and excised tumor
images are shown. = 0.0194 for the shPKD2 group vs. the shNTC group at day 14. shRNA
short hairpin RNA
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Fig. 10.
CRT0066101 treatment diminishes the activity of PKD2 protein and its substrate c-Jun in

xenograft bladder cancer tumor explants. Immunoblot analysis of PKD2, phospho-PKD2
(Ser706/710), phospho-PKD2 (Ser876), phospho-PKD2 (Ser916), c-Jun, and phospho-c-Jun
(Ser63) in cellular lysates from vehicle-treated (5% dextrose) and CRT0066101-treated
UMUCL1 tumor explants, as described in “Materials and methods”. A total of 60 or 80 ug
cell extract protein was subjected to SDS-PAGE and immunoblotted with antibodies against
the indicated proteins, or with a B-actin antibody to verify equal protein loading. The levels
and activities of PKD2 protein in both vehicle-treated group and CRT0066101-treated group
are shown in a, while the expression and activity of c-Jun protein in vehicle-treated and
CRT0066101-treated groups are presented in b
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Fig. 11.

CRT0066101 (uM)

CRT0066101 blocks bladder carcinoma cells at G2/M phase as analyzed by flow cytometry.
UMUCL and T24T cell lines were exposed to increasing concentrations (0, 0.5, 1, 2, 2.5,
and 3 pM) of CRT0066101 for 3 days. Cells were then harvested, stained, and the propidium
iodide-labeled cells were analyzed for their cell cycle status by flow cytometry, as described
in “Materials and methods”. The percentage of UMUCL cells in each phase of the cell cycle
was calculated using FlowJo v14.0 and is indicated in each cell cycle profile (a). Each assay
was performed twice and one profile for each treatment is shown in a. The average numeric
data of the two biological replicates for both UMUCL and T24T cells are presented in b.
Note the accumulation of the cells in the G2/M phase in both UMUCL and T24T cell lines
following CRT0066101 treatment (a, b)
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Fig. 12.

shRNA-mediated silencing of PKD2 causes G2/M cell cycle arrest in bladder cancer cells.
UMUCL cells were transduced with lentivirus coding for human shRNA sequences for
either PKD2 (shPKD2#1 and shPKD2#2), PKD3 (shPKD3#1 and shPKD3#2), or the control
(shNTC). Cells were harvested after transduction and stained with propidium iodide. The
cell cycle distribution of the propidium iodide-labelled cells was analyzed by flow
cytometry, as described in “Materials and methods”. The percentage of cells in each phase of
the cell cycle was calculated using FlowJo v14.0 and is indicated in each cell cycle profile
(a). The assay was performed twice and one profile for each treatment is shown in (a). The
average numeric data of the two biological replicates for both PKD2-depleted and PKD3-
depleted UMUCL cells are presented in b. Note the accumulation of the cells in the G2/M
phase in PKD2-knockdown UMUCL cells, but not in PKD3-knockdown UMUCL cells (b).
ShRNA short hairpin RNA
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Effects of CRT0066101 on the level and activity of key regulators of the cell cycle G2/M
transition in xenograft bladder carcinoma tumor explants. Western blot analysis of proteins
in cellular lysates from vehicle-treated (5% dextrose) and CRT0066101-treated UMUC1
tumor explants, as described in “Materials and methods”. A total of 60 or 80 g cell extract
protein was subjected to SDS-PAGE and immunoblotted with an antibody against cyclin B1,

CDK1, phospho-CDKZ1 (Thr161, Thrl4, Tyrl5), p27KiPl, Gadd45a, 14-3-30, 14-3-3e,

phospho-Chk1 (Ser317/Ser345), pan-14-3-3, Cdc25C, phospho-Cdc25C (Ser216), Myt1,
and Weel, or with a p-actin antibody as the loading control. The levels and activities of
cyclin B1, CDK1, p27KiPl Gadd45a, and 14-3-3a/e proteins in both vehicle-treated group
and CRT0066101-treated group are shown in a, while the expression and activation of Chk1,
pan-14-3-3, Cdc25C, Weel, and Mytl proteins in vehicle-treated and CRT0066101-treated

groups are presented in b
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Fig. 14.
Proposed possible mechanism by which the PKD inhibitor CRT0066101 suppresses bladder

cancer growth through blocking cell cycle progression at the G2/M phase. This schematic
diagram shows that PKD?2 inhibition by CRT0066101 treatment activates the kinase Chk1
through a yet-to-be-defined mechanism, thereby preventing from the activation of the
downstream stimulatory phosphatase Cdc25C leading to decreased the CDK1-cyclin B1
complex activity. On the other hand, Chk1 kinase also reduces CDK1-cyclin B1 activity by
activating the inhibitory kinases Myt1 and Weel through phosphorylating CDK1 at Thr14
and Tyrl15. In addition, CRT0066101 modulates several other regulators of the G2/M
transition involving regulation of CDK1, including p27KiP1, Gadd45a, 14-3-3c, and other
isoforms of 14-3-3 proteins. All of the regulators may act cooperatively and collaboratively
to suppress the proliferation of bladder tumor cells through regulating CDK1 and the cell
cycle G2 checkpoint. Such a mechanism may serve to integrate the roles of these regulators
in culmination in G2/M arrest and cell cycle block, which may underlie the mechanism of
CRT0066101-mediated tumor growth suppression of bladder urothelial cell carcinoma. See
“Discussion” for further elaboration. 774 threonine 14, Y15tyrosine 15
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