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FDA-approved enzalutamide is commonly prescribed to reduce
growth of advanced prostate cancer by blocking androgen receptor
function. However, enzalutamide-resistant prostate cancer (ERPC)
invariably develops which progresses to metastatic, lethal disease.
Management of ERPC poses special problem not only because
available therapeutic regimens cannot effectively kill ERPC cells
but also due to their propensity to invade large bones. Moreover,
molecular mechanism(s) behind enzalutamide resistance is not
properly understood, which is delaying development of newer
agents. We found that the pseudokinase, Tribbles 2 (TRIB2), is
overexpressed in ERPC cells and plays critical role in their survival.
Forced overexpression of TRIB2 enhances prostate cancer cell
growth and confers resistance to physiologic doses of enzalutamide,

suggesting that TRIB2 plays an important role in the development

Introduction

About 271,000 men are diagnosed with prostate cancer of which
~30,000 die every year, which makes it the most common form of
malignancy and second leading cause of cancer-related deaths in
American men (1). Advanced prostate cancer is treated with andro-
gen-deprivation therapy though castration-resistant prostate cancer
(CRPC) invariably develops. CRPC is commonly treated with second-
generation androgen blockers, such as enzalutamide, which directly
binds and inhibits the androgen receptor (AR) function (2-7). Though
enzalutamide extends lifespan of patients with castration-resistant
disease, which highlights the benefit of targeting the AR axis, enza-
lutamide-resistant prostate cancer (ERPC) invariably develops (8-10).
Currently, ERPC is not curable because available chemotherapeutic
regimen cannot effectively kill ERPC cells, and this problem is
amplified by the lack of proper molecular understanding to develop
targeted therapies for ERPC. Failure of available chemotherapeutic
regimen to effectively eliminate ERPC cells eventually leads to wide-
spread tumor metastasis and causes excruciating pain and suffering.
Thus, there is an urgent need to develop new target-based agents and
strategies to overcome prostate cancer lethality, inflicted largely by the
development of advanced diseases which are resistant to second-
generation antiandrogens, such as enzalutamide.
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and progression of ERPC. Though TRIB2 has emerged as an
excellent molecular target for ERPC, suitable inhibitors are not
commercially available for effective targeting. By designing a lucif-
erase-tagged TRIB2 fusion protein-based assay system, we screened
a library of about 1,600 compounds and found that daclatasvir
(DCV), an antiviral drug, effectively inhibits TRIB2-luciferase. We
also found that DCV degrades TRIB2 proteins by direct binding and
resensitizes ERPC cells to enzalutamide treatment. Moreover, DCV
at lower, sublethal doses synergize with enzalutamide to decrease
the viability and induce apoptosis in prostate cancer cells. Because
DCV is already approved by the FDA and well tolerated in humans,
based on our findings, it appears that DCV is a promising new agent
for development of an effective therapy for advanced, enzalutamide-
resistant, lethal prostate cancer.

To better understand the ERPC phenotype, we developed an in vitro
model by chronically treating human LNCaP prostate cancer cells with
gradually increasing doses of enzalutamide (up to 30 umol/L) to mimic
the clinical conditions in patients undergoing long-term enzalutamide
therapy (11-13). Comprehensive gene expression analysis of the resul-
tant cells revealed that Tribbles 2 (TRIB2) is overexpressed in the
enzalutamide-resistant cells compared with parental enzalutamide
sensitive cells. Overexpression of TRIB2 was also found in enzalutamide
treated patient prostate tumors. Moreover, it was observed that forced
overexpression of TRIB2 confers enzalutamide resistance, and inhibi-
tion of TRIB2 resensitizes and kills ERPC cells via apoptosis, suggesting
that TRIB2 is a suitable target for development of a new therapy for
ERPC (14). TRIB2 was originally discovered in Drosophila as a regulator
of morphogenesis (15). Later, an association of TRIB2 was found with a
range of cancers (16-18). TRIB2 is oncogenic and plays an active role in
cancer aggressiveness and drug resistance (19-24). However, because of
its nonenzymatic nature and absence of manageable deep pocket(s),
specific targeting of TRIB2 by blocking its protein-protein interactions
is extremely difficult. Thus, in spite of being recognized as a bona fide
promoter of therapeutic resistance in prostate cancer, TRIB2 remains as
an elusive molecular target for developing strategies to overcome
enzalutamide resistance.

The main hurdle to develop agents to inhibit TRIB2 is the lack of
a quick and easy assay procedure to effectively screen large number
of compounds. Because TRIB2 is not an enzyme, its activity cannot
be analyzed by measuring the rate of substrate conversion and/or
product formation. To overcome this problem, we designed a new
assay system to measure the active/stable state of TRIB2 protein.
We made a TRIB2-luciferase gene construct by combining the full-
length human TRIB2 gene with the luciferase gene from Renilla
reniformis. Destabilization of the three-dimensional conformation
of the resultant TRIB2-Luc fusion protein can deliver reportable
outcomes via alteration in the enzymatic activity of luciferase. A second
screen was designed to eliminate compounds that affect the activity
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of free luciferase. Using this dual luciferase assay system, we screened
a library of ~1,600 FDA-approved compounds and found that
daclatasvir (DCV), an antiviral drug (25-30), strongly inhibits the
TRIB2-luciferase activity. It was also found that though DCV inhibits
the activity of TRIB2-luciferase fusion protein, it does not inhibit the
free luciferase activity when TRIB2 is not attached. Thermal shift
assay (TSA) revealed that DCV decreases the half-maximal melting
temperature (Tm) of pure TRIB2 protein, which suggested that DCV
may directly bind and destabilize the TRIB2 protein for enhanced
degradation. Indeed, we found that DCV downregulates TRIB2
protein level and resensitizes a range of enzalutamide-resistant,
aggressive prostate cancer cells. Thus, our dual luciferase-based
assay system (involving primary screen and a counter-screen)
emerges as an effective way to identify potential TRIB2-targeting
agents using simple gene transfected cell lines in culture towards
developing a new therapy for aggressive, drug-resistant cancers, such
as ERPC.

Materials and Methods

Cell culture and reagents

LNCaP, PCa-2B, and LAPC4 human prostate cancer cells and human
foreskin fibroblasts (HFF) were purchased from ATCC (Manassas, VA).
The enzalutamide-resistant cells (ERPC cells) were generated by expos-
ing human prostate cancer cells to an increasing concentration of
enzalutamide over 6 months. Cells were grown either in RPMI1640
(Invitrogen, Carlsbad, CA) or HPC1 (AthenaES, Baltimore, MD). All
the media were supplemented with 10% FBS and antibiotics. ERPC
cells were maintained in the presence of enzalutamide (30 wmol/L).
The final dose (30 pmol/L) was chosen to mimic the human plasma
concentration of enzalutamide (16 pug/mL or ~34 umol/L; mol. wt.
465) reached upon three months of treatment with enzalutamide
(Xtandi) at 160 mg/day (12, 13). The cell lines morphology was
monitored routinely, and the cells were routinely tested for myco-
plasma using PCR mycoplasma detection kit (Catalog no. J66117;
Alfa Aesar, Tewksbury, MA).

Cell viability assay
Cell viability was measured by MTS/PES One Solution Cell Titer
Assay (Promega Corp, Madison, WI) as described before (31, 32).

Microscopy

Cells (~300,000) were plated overnight in RPMI1640 supplemented
with 10% FBS onto 60-mm diameter tissue culture plates (Falcon) and
allowed to grow for 48 hours. On the day of experiment, the spent
culture medium was replaced with 2 mL fresh RPMI medium and the
cells were treated with inhibitors. Control cells were treated with
solvent (DMSO). Photographs were taken with a Nikon digital camera
attached to a LEICA microscope at x400. Image acquisition and data
processing were done with a Dell computer attached to the microscope
using Q-Capture 7 software.

Western blot

Cells (~300,000) were plated in 60-mm diameter plates and allowed
to grow for 48 hours. The old medium was then replaced with 2 mL
fresh RPMI medium and then the cells were treated with inhibitors.
After treatment, cells were harvested, washed, and lysed in lysis buffer
(50 mmol/L HEPES buffer, pH 7.4, 150 mmol/L NaCl, 1 mmol/L
EDTA, 1 mmol/L orthovanadate, 10 mmol/L sodium pyrophos-
phate, 10 mmol/L sodium fluoride, 1% NP-40, and a cocktail of
protease inhibitors). Proteins were separated by 12% SDS-PAGE

2 Mol Cancer Ther; 2023

and transferred to nitrocellulose membranes. Membranes were
blocked with 5% nonfat-milk solution and blotted with appropriate
primary antibody followed by peroxidase-labeled secondary anti-
body. Bands were visualized by enhanced chemiluminescence
detection kit from Pierce Biotech (Rockford, IL). To be accepted
as valid, protein blots were analyzed at least in two independent
experiments showing similar results. Antibodies against TRIB2,
JNK (p), pAKT, FOXO3, and pH2A.X were from Cell Signaling
Technology. Survivin antibody was purchased from R and D
Systems (Minneapolis, MN), and antibodies against, Bcl-xL, cyclin
D1, ATF3, caspase-3, and GAPDH were from Santa Cruz Biotech-
nology (Santa Cruz, CA). Ki-67 antibody was purchased from
Sigma Chemical CO (St. Louis, MO).

DNA degradation assay

Cells (~300,000) were plated in 60-mm diameter plates and allowed
to grow for 48 hours. The old medium was then replaced with 2-mL
fresh RPMI medium and then the cells were treated with inhibitors for
24 hours. Drug-treated and control cells were lysed in lysis bufter for 60
minutes at 4°C and aliquots of lysates were used for measuring DNA
degradation to nucleosomal fragments using an ELISA kit from Roche
(St. Louis, MO) as reported before (32).

Invasion assay

In vitro invasion assay was done using Matrigel-coated Boyden
transwell chambers from BD Biosciences. Transwells were soaked in
50-uL serum-free medium for 30 minutes at room temperature and
then ~40,000 cells (in RPMI medium containing 0.1% BSA) were
placed into the upper chambers. These chambers were then placed
in 24 well plate (one per well) on top of 500 uL. RPMI medium
containing 3% FBS as chemoattractant. Inhibitors were added
directly to the medium and mixed. Then the cells were incubated
at 37°C in the CO, incubator for 16 hours. Non-invaded cells along
with Matrigel in the upper chambers were scraped with a cotton
tipped applicator and then the membranes were fixed in methanol,
stained with 0.025% crystal violet, and observed under a Leica
microscope at x200.

Soft agar colony formation assay

Cells (10,000 per well in 6-well plates) were plated in 0.3% soft agar
on top of a base layer of 0.6% agar. The cells were treated with doses of
DCYV, and the plates were incubated at 37°C for 3 weeks in the CO,
incubator. Cells were given fresh media and drug every fourth day. At
the end of incubation period, colonies were stained with 0.025% crystal
violet, and pictures of colonies were taken with a Nikon digital camera
at x200 (31-35).

TSA

TSAs were performed using an Applied Biosystems QuantStudio 6
Flex Real-Time PCR instrument following the Protein Thermal Shift
Dye Kit protocol (Applied Biosystems). Pure TRIB2 protein was
diluted in protein thermal shift buffer to a concentration of 0.5
pumol/L and then incubated with the DCV (2 pmol/L) in a total
reaction volume of 20 uL. The SYPRO Orange was used as a fluores-
cence probe.

TRIB2 modeling and DCV docking

The homology model of human TRIB2 (UniProt ID: Q92519) was
built with Swiss-Model. The chemical structure of DCV (CID
25154714) was retrieved from PubChem. The ligand (DCV) was
docked to the TRIB2 model with AutoDock Vina using PyRx platform.

MOLECULAR CANCER THERAPEUTICS

156
157
158
159
160
161
162
163
164
165
166
167
168

169
170
171
172
173
174
175
176

177
178
179
180
181
182
183
184
185
186
187
188
189
190

191
192
193
194
195
196
197
198

199
200
201
202
203
204
205
206

207
208
209
210
211



214
215
216
217

218
219
220
221
222
223
224
225
226
227

228
229
230
231
232
233
234
235
236
237
238
239
240
241

242
243
244
245
246

247
248

249

250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268

Search space was defined as centers X = 7.6566, Y = 30.1191, and
Z = 186.2056 and the dimensions (A) X = 48.1519, Y = 63.3073, and
Z = 40.9325. The docked complex was visualized using PyYMOL and
BIOVIA discovery studio molecular visualization tools.

Drug combination assay

The cells were co-treated with the defined concentrations of enza-
lutamide and DCV and the cytotoxic effects of the individual drugs and
its combinations were measured using MTS assay. The drugs synergy
was determined using SynergyFinder 2.0 software (36). The synergistic
interaction between drugs has a score greater than +10; an additive
interaction has a score between —10 to +10; and an antagonistic
interaction has a score of less than —10. Deviations between observed
and expected responses with positive (red areas) and negative 3-values
(green areas) indicate synergy and antagonism, respectively.

In vivo tumor xenografts

Animal studies were approved by the Institutional Animal Care and
Use Committee and performed according to the institutional guide-
lines for animal care and handling. To analyze the effect of DCV on
enzalutamide-resistant prostate tumor growth, exponentially growing
LNCaP-ENR cells (3x10° cells/mouse in 50% Matrigel in PBS) were
subcutaneously injected into the right flanks of 7-week-old male
athymic nude mice (# = 4). When the tumors grew to approxi-
mately 100 mm?, mice were randomized and treated with vehicle or
DCV (30 mg/kg/day) or enzalutamide (30 mg/kg/day) orally for
4 weeks. Tumor size and mice body weights were measured once per
week. Tumor growth was monitored by measuring volumes using a
digital slide calipers. Tumor volumes were calculated by the formula
TV =a x (b)*/2.

Statistical analysis

Statistical significance was assessed by two-way ANOVA or the two-
tailed Student ¢ test and a value of <0.05 was defined as significant.
Results are expressed as the mean £ SEM and are described in each
figure legend when applied.

Data availability
The data generated in this study are available within the article.

Results

High-throughput screening identifies DCV as a novel agent to
downregulate TRIB2

The amino acid sequence in TRIB2 protein bears similarity to a
standard kinase and binds ATP, but it lacks a strong kinase activity
(pseudokinase). Thus, we designed an assay system by combining full-
length human TRIB2 gene with the luciferase gene from Renilla to
make a fusion construct. After analyzing a range of established cancer
as well as non-cancer cell lines we found that the HFFs do not express
detectable TRIB2 protein. Thus, to avoid the interference from endog-
enous TRIB2 and regulators of TRIB2, we selected HFF cells for
transfection of the luciferase tagged TRIB2 gene construct. Cells were
selected for overexpression of the fusion gene by two rounds of drug
(G418) selection. The resultant cells (HFF-TRIB2-Luc) showed strong
luciferase activity and a protein product of the size of ~72 kDa,
suggesting that the fusion construct translates into a functional protein
product inside the cells. Using the HFF-TRIB2-Luc cells we screened a
library of about 1,600 FDA approved compounds (# HY-L022)
purchased from MedChem Express (Monmouth Junction, NJ). Drug
effects were tested in 96-well tissue culture plates following a stan-
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dardized 24-hour assay protocol (Fig. 1A). Our assays revealed that
about 1% of the compounds can inhibit TRIB2-Luc activity by 70% or
more. Interestingly, we found that DCV, an antiviral drug down-
regulates the luciferase activity in the first screen by 74% (Fig. 1B
and C). Moreover, we found that DCV does not inhibit control
luciferase activity in the second screen, suggesting that the effect of
DCV may be because of its interaction with TRIB2. Some other
antiviral compounds were also tested, such as Ledipasvir (LDV),
darunavir, and dolutegravir which were completely ineffective to
inhibit TRIB2-luciferase activity in the same experimental system,
indicating that a critical structural component/configuration is the key
to inhibit TRIB2 rather than a generalized antiviral property of the
compounds. From the effects of unknown compounds in the TRIB2-
Luciferase fusion protein-based assay system, it appears that this
screening process is effective to identify potential hits which can be
further tested in cell culture assays to validate TRIB2-targeting com-
pounds based on potency and cancer selectivity.

DCV directly binds and destabilizes TRIB2 protein

Though DCV showed selective effect on TRIB2 based on luciferase
assays, whether it directly binds with TRIB2 was not clear. To address
this, we used a TSA of pure TRIB2 protein for analysis of drug-protein
interactions. The TSA curve of purified recombinant human TRIB2
protein showed that treatment with DCV shifts the melting curve to
the left (Fig. 2A). The Tm (midpoint of temperature for melting) was
found to be decreased from 41°C to 37°C, suggesting destabilization
of the TRIB2 protein by DCV. This finding also implicates that
DCV may change the ubiquitination state of TRIB2 protein inside
the cell towards enhanced degradation involving proteasome activ-
ity. The Swiss-Prot computer modeling using complete amino acid
sequence of the human TRIB2 protein revealed that six amino acids
(Glu-71, Ser-100, Ser-133, Glu-194, Glu-197, and Asp-198) inter-
act with the DCV molecule (Fig. 2B-E). The computer model also
suggested that DCV non-covalently binds and destabilizes TRIB2
protein (Fig. 2D).

DCV downregulates TRIB2 protein level via proteasomal
degradation

We found that DCV efficiently downregulates TRIB2 protein level
and decreases the viability of ERPC cells (Fig. 3A-D). In our assays, we
found that DCV inhibits TRIB2 at micromolar doses, but LDV (#7),
another antiviral drug, neither downregulates TRIB2 nor kills ERPC
cells, suggesting that the selective effect of DCV against TRIB2 protein
is due its structural component(s) not present in LDV. To verify the
effects of DCV we analyzed its effect on TRIB2 downstream markers
and found that DCV inhibits the protein levels of pAKT, Bcl-xL, and
survivin, and increased the level of the tumor suppressor, FOXO3
(Fig. 3E). We also found that DCV enhances degradation of TRIB2
protein, and this process involves proteasome activity (Fig. 3F and G).
DCV strongly inhibits the in vitro invasion through extracellular
matrix and the colony-forming abilities of LNCaP-ENR cells
(Fig. 3H and I). Thus, DCV as an inhibitor of TRIB2 can stop the
invasion and recolonization of advanced cancer phenotype which are
characteristic features of ERPC cells. Altogether, our findings indicate
that the antiviral drug DCV is a novel inhibitor of TRIB2 and can be
effective against a range of cancers which overexpress the TRIB2
pseudokinase.

DCYV Kkills ERPC cells by inducing apoptosis

We found that DCV effectively reduced the viability of ERPC cells
(Fig. 4A and B). DCV (Daklinza) is an FDA-approved drug for
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Figure 1.

Compound Luciferase activity [« Lucife activity
(%) (%)
Dichlorphrnamide 100 Darunavir 3
Ranolazine 100 Niraparib tosylate 3
6-Acetamidohexanoic 00 Clofibric acid 7
Alcaftadine 00 Ajamaline 3
Temsirolmus 4 Sulfamethizole 4
Oxaceprol 00 Fimasartan 8
Mianserin 55 Anagrelide 2
Dolutegravir 00 Nadifloxacin 6
Nilotinib 9 Ponatinib 42
Efonidipine 8 Valnemulin 3
Dirithromycin 00 Mozavaptan 6
Clebopride 00 Dipyridamole
Ibudilast 5 Lansoprazole
Ramelteon 00 Atropine
Chlormerazanoine 00 Olmesartan 0
Famotidine 00 Estrone 2
Busulfan 00 Hydroxyfasudil 46
Epalrestat 53 Sulfaguanidine 84
Ornipressin 27 Prazosin 4
Ampiroxicam 28 Tigecycline 6
Droperidol 00 Doxorubicin 2
Nilvadipine 9 Ledipasvir 00
Triamterene 00 Levocarnitine 34
Methacholine Sulfadiazine 70
Doxycycline Guanfacine 100
Alprenolol 9 Tavaborole 75
Niclosamide 6 Isosorbide 1
rinotecan Betamipron 7
Fenofibrate Udenafil 00
| Ethambutol Milnacipran 5
Gadodiamide Carbidopa 2
Teniposide 0 Imipramine 6
Vincamine 0 Telotristat etiprate )4
Pemirolast Trimetazidine 00
Cromolyn Ronidazole 00
5-Aminosalicyclic acid 4 Malathion 1
Tamibarotene 00 Danofloxacin 1
Dapoxetine 8 Azasetron 00
Telbivudine 1 Plerixafor 3
Mexiletine 6 Meloxicam 00
Noscapine 00 Tegafur 00
Efavirenz 9 Terconazole 82
Penciclovir 7 Dabrafenib 72
Tebipenem pivoxil 00 Triamcinolone 72
Venetoclax 84 Vorapaxar 59
Chlorambucil 6 Proparacaine 88
Resperine 1 Erlotinib 50
Clarithromycin 7 D i 28
Etomidate 00 Pyridostigmine 76
| Dexrazoxane 00 Fingolimod 80
| Paroxetine 3 Minaprine 79
| Penfluridol 7 Ticarcillin 87
Fluocinonide 78 Budesonide 83

High-throughput screening identifies DCV as TRIB2 degrader. A, Schematic representation of the TRIB2-Luciferase fusion protein-based assay system. B, Effects of a
representative set of 106 FDA-approved compounds on Trib2-Luciferase fusion construct-transfected HFF cells are shown here. Cells were plated in 96 well plates
and treated with the compounds (10 umol/L) for 24 hours in the CO, incubator. Luciferase activity was measured using a kit from Promega Corp (Madison, WI). For
further development selected compounds were counter-screened with control luciferase-transfected HFF cells. Note: DCV showed more than 70% inhibition of
TRIB2-luciferase activity in 24 hours and passed the counter-screen tests. C, Chemical structure of DCV, a biphenyl-carbamate.

hepatitis C virus (HCV) owned by Bristol-Myers Squibb. It belongs to
the class of direct-acting antivirals (DAA) and is known to inhibit the
hepatitis C viral nonstructural protein 5A (NS5A) which is important
for the replication of the virus (37-41). Here, our experiments with
cancer cells revealed that DCV triggers degradation of TRIB2 protein
and decreases the viability of ERPC cells, which opened a new avenue
for its repurposing against TRIB2-overexpessing cancers, such as
ERPC. We also found that DCV treatment reduced the viability of
AR-negative and AR-mutated aggressive prostate cancer cells (Sup-
plementary Fig. S1 and S2). DCV treatment resulted in G;-phase arrest
in ERPC cells accompanied by a decrease of the cell population in the S
phase (Fig. 4C). To understand how DCV kills ERPC cells, we
observed significant induction of apoptosis in ERPC cells upon DCV
treatment, as measured by Annexin V staining by Flow Cytometry
(Fig. 4D), and ELISA-based DNA fragmentation (Fig. 4E) analysis.
Characteristic cleavage of PARP which is an indicator of apoptosis was
also observed in DCV treated ERPC cells (Fig. 4F). We also found that
DCV decreased the protein level of cell proliferation regulator, cyclin
D1, and increased the level of proapoptotic protein, ATF3 in ERPC
cells (Fig. 4F). DCV also induced phosphorylation of the H2A.X at
Serinel39 (Fig. 4F), suggesting induction of DNA damage in ERPC

4 Mol Cancer Ther; 2023

cells. To explore the underlying mechanism of DCV-induced apo-
ptosis in ERPC cells, we analyzed effect of DCV on c-Jun N-terminal
kinases (c-JNK) which play a critical role in apoptotic pathways (36).
We found that DCV triggers rapid and robust activation of the c-JNK
in a dose-dependent manner in ERPC cells (Fig. 4G). Both caspase
dependent and caspase-independent apoptotic cell death processes
are known (31, 32, 34). Here, we observed that treatment with DCV
induces activation of caspase-3 in LNCaP-ENR cells (Fig. 4H).
Moreover, it was found that the DCV treatment-induced apoptosis
in ERPC is inhibited when the cells were pretreated with a caspase
inhibitor, Z-VAD-FMK, suggesting that the DCV-induced apoptosis
in ERPC cells is caspase-dependent (Fig. 4I). Interestingly, cells
treated with LDV (also an inhibitor of HCV) did not show any signs
of apoptotic features (Fig. 4E), suggesting that the effect of DCV to
induce apoptosis in ERPC cells is selective. Next, we found that DCV
remarkably blocked the soft agar colony formation (an in vitro test for
tumorigenicity) by ERPC cells (Fig. 4J). Complete inhibition of
colony formation by ERPC cells signifies that DCV can penetrate
to overcome the resistance due to compactness and hypoxic envi-
ronment at the core of the lumpy mass of ERPC cells. Thus, a superior
in vivo effectiveness of DCV against ERPC can be expected.
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DCYV inhibits ERPC tumor growth in nude mice

To investigate the antitumor effects of DCV in vivo, we subcuta-
neously implanted LNCaP-ENR cells into the right flanks of athymic
nude mice. Starting at day 11 postimplantation, the mice were treated
with either vehicle or DCV for 28 days (Fig 5A). We found that DCV at
30 mg/kg/day (MTD of DCV: > 100 mg/kg/day) inhibits ERPC tumor
growth in nude mice without any overt toxicity to animal health
(Fig. 5B and C). These finding suggest that DCV is a suitable
compound with excellent in vivo effect that effectively eliminate deadly
ERPC cells towards establishing a new therapy for deadly AR therapy-
resistant prostate cancer. IHC analysis of tumor tissues showed that
DCV decreased the protein levels of TRIB2 in vivo (Fig. 5D). We also
found that DCV-treated tumors showed strong dephosphorylation of
AKT at S473 and a strong decrease in Ki-67 positive cells (Fig. 5D).

DCV resensitizes resistant prostate cancer cells to enzalutamide

Treatment with enzalutamide triggers overexpression of TRIB2 in
prostate cancer cells (Fig. 6A-C). Moreover, forced overexpression of
TRIB2 has been found to confer resistance to enzalutamide, suggesting
that TRIB2 is a driver of the resistance mechanism to second-
generation antiandrogens, such as enzalutamide (14). Because DCV
effectively downregulates the protein level of TRIB2, we wanted to
examine whether DCV can reverse enzalutamide resistance in prostate
cancer cells via downregulation of TRIB2. We found that TRIB2—
short hairpin RNA (shRNA) or DCV effectively downregulates TRIB2
protein level and resensitizes both the enzalutamide-resistant LNCaP-
ENR and PCa-2B-ENR cells (Fig. 6D-F). Treatment with DCV
showed an increase in AR protein level in ERPC cells (Fig. 6G
and H), which may result from derepression of the effects of TRIB2
on AR (14). Combination of DCV and enzalutamide was found to be
more effective to decrease the growth of enzalutamide-resistant pros-
tate tumors in vivo (Fig. 6I). We also found that DCV and enzalu-
tamide synergistically affect the viability of enzalutamide-sensitive
prostate cancer cells in vitro (Fig. 6]-M). Moreover, combination of
DCV and enzalutamide was also found to increase apoptosis in
prostate cancer cells, over single agent treatments, as seen by the
DNA fragmentation analysis (Fig. 6N).

Discussion

Introduction of the second-generation AR blockers (e.g., enzalu-
tamide) is one of the most remarkable achievements that happened in
the last decade for prostate cancer therapy. However, even after initial
good response, enzalutamide-resistant, lethal disease invariably devel-
ops, the mechanism of which is not properly understood. To under-
stand the molecular basis of resistance, we comprehensively analyzed
clinically relevant cell culture models as well as tumor tissues and
found that during the transition of prostate cancer from an androgen-
dependent to an androgen-independent state, upregulation of the
TRIB2 pseudokinase is a major molecular event (Fig. 6A-C). We

also found that in contrast to the ERPC cells which express high levels
of TRIB2, the expression of TRIB2 in normal, noncancer cells is
undetectable. Moreover, inhibition of TRIB2 by shRNA kills ERPC
cells via caspase mediated apoptosis, while the normal, non-cancer
cells are not affected (14). These findings indicated that the TRIB2
oncogene plays a selective, critical role in ERPC cells, suggesting that
TRIB2 is an excellent target to develop a novel approach to effectively
eliminate ERPC cells via induction of apoptosis.

Though TRIB2 has emerged as a promising molecular target for
androgen-independent prostate cancer, targetable small molecule
agents to inhibit TRIB2 are not commercially available currently.
High dose of the kinase inhibitor, afatinib, inhibits TRIB2 but it is
nonselective and too toxic (16). In our blinded screening, we found that
DCV strongly inhibits TRIB2-luciferase activity but does not inhibit
luciferase activity in the absence of TRIB2 protein, suggesting that
DCV interacts with TRIB2, rather than the luciferase itself. Interest-
ingly, while DCV inhibits TRIB2-luciferase activity, several other anti-
viral compounds, such as LDV, dolutegravir, darunavir, and penci-
clovir were not effective, which suggests that a unique structural
component in the DCV molecule is critical to inhibit TRIB2. DCV
is a DAA agent and binds with hepatitis C viral nonstructural protein
5A (37-41). However, the drug-protein interactions of DCV have not
been characterized yet in mammalian cells. Thus, our design of
luciferase-tagged fusion protein-based assay and TSA, to screen a
library of compounds to find DCV as a direct TRIB2 protein-binding
inhibitor is a remarkable observation (Figs. 1 and 2). The orientation
of DCV in the cleft region of TRIB2 molecule suggests that polar
contacts are established between the ligand and the protein, and that
six amino acid residues (Glu-71, Ser-100, Ser-133, Glu-194, Glu-197,
and Asp-198) of TRIB2 form hydrogen bonds with DCV. The binding
pocket residues of the TRIB2 take part in the hydrogen, hydrophobic,
and van der Waals interactions with DCV, suggests that this interac-
tion is non-covalent.

DCYV substantially decreased the protein level of TRIB2 in ERPC
cells within 24 hours, presumably due to direct interaction with the
TRIB2 protein which changed its ubiquitination status and primed it
for proteasomal degradation. Enhanced degradation of TRIB2 protein
corresponds well with the decrease of its downstream targets, such as
p-Akt, Bcl-xL, and survivin (Fig. 3A-E), which are known to play
critical roles in pro-survival mechanisms preventing apoptosis. Fur-
thermore, as expected, DCV treatment increased the protein level of
the tumor suppressor, FOXO3-alpha. This may have happened pre-
sumably via inhibition of TRIB2 which is known to downregulate
FOXO3 via activation of Akt. Our results with cycloheximide and
MG132 (a proteasome inhibitor) suggest that DCV induces TRIB2
degradation via activation of the proteasomal pathway (Fig. 3F and G).
Therapy-resistant cancer cells develop extraordinary ability to invade
surrounding tissues, move to distant sites and recolonize to generate
metastatic nodules which ends up with lethal disease. We found that
DCV strongly inhibits in vitro Matrigel invasion and colony formation

Figure 2.

Direct interaction of DCV with Trib2 protein: A, TSA of pure TRIB2 protein by Differential Scanning Spectro-fluorometry showed that DCV shifts the melting curve of
Trib2 to the left (Tm decreased), suggesting destabilization of TRIB2 protein by DCV. B and C, Molecular docking analysis of TRIB2 protein with DCV (ligand). For
molecule docking, the homology model of human TRIB2 (UniProtKB ID: Q92519) was built with Swiss-Model by submitting the FASTA sequence on the server. The
top-ranked model based on sequence similarity was used for the docking studies. The chemical structure of DCV (CID 25154714) was retrieved from PubChem. The
ligand (DCV) was docked to the TRIB2 model with AutoDock Vina using PyRx platform. Search space was defined as centers X = 7.6566, Y = 30.1191,and Z =186.2056
and the dimensions (A) X = 48.1519, Y = 63.3073, and Z = 40.9325. The docked complex was visualized using PyMOL molecular visualization tool. B, The polar
contacts established between the ligand (DCV) and the protein (TRIB2). C, The three-dimensional orientation of DCV in the active site of the TRIB2 protein. D, The
binding pocket residues of the TRIB2 taking part in the hydrogen, hydrophobic, and van der Waals interactions, are highlighted. Glu-71, Ser-100, Ser-133, Glu-194,
Glu-197, and Asp-198 residues of the TRIB2 formed a hydrogen bond with the DCV. E, Amino acid sequence of TRIB2 showing residues interact with DCV.
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Figure 3.

Proteasomal degradation of TRIB2 by DCV. A, LNCaP-ENR cells were plated and treated with various drugs (at 10 umol/L) for 24 hours and whole-cell lysate proteins
were analyzed by Western blot. GAPDH was used as loading control. Lane assignment: 1= Control; 2 = Ampiroxicam; 3 = Prazosin; 4 = DCV; 5 = Ornipressin; 6 =
LDV; 7 = Lapatinib; 8 = Vorapaxar; 9 = Ponatinib; 10 = Mianserin. Note: Trib2 protein level was strongly downregulated by DCV (#4), but not by another antiviral drug
LDV (#6). B, LNCaP-ENR cells (~3,000 cells per well) were plated in 96 well plates in complete growth medium (RPMI plus 10% FBS) and treated with varying doses
of DCV or LDV. Plates were incubated for 72 hours at 37°C in the CO, incubator. Cell viability was measured by MTS/PES cell titer assay (Promega Corp). Note: Cell
viability was effectively decreased by DCV, but not by LDV. C, Chemical structure of DCV (active) and (D) LDV (inactive). E, LNCaP-ENR cells were plated and treated
with doses of DCV for 24 hours. Whole-cell lysate proteins were separated by SDS-PAGE and levels of TRIB2, and targets were analyzed by Western blot. F, Effect of
DCV on degradation of TRIB2 was analyzed by treating cells with DCV with or without cycloheximide (CHX). G, Role of proteasome on DCV-induced degradation of
TRIB2 was examined by treating cells with the chemical inhibitor, MG132. H, Effect of DCV on invasion was measured by using Matrigel coated Boyden invasion
chambers. Chambers were soaked in RPMI medium and about 40,000 cells were placed on top of Matrigel and incubated for 16 hours in the CO, incubator. Invaded
cells were detected by staining with crystal violet. I, Effect of DCV on colony formation was measured using LNCaP-ENR cells. Cells (500 per well in 6 well plates) were
plated. The cells were treated with indicated doses of DCV, and the plates were incubated at 37°C for 2 weeks in the CO, incubator. Cells were given fresh media every
fourth day. At the end of incubation period, colonies were stained with 0.025% crystal violet.

by ERPC cells (LNCaP-ENR) at sublethal doses (Figs. 3H, I, and 4J),
suggesting that the aggressive and metastatic tumor-forming abilities of
ERPC cells could be effectively controlled by DCV via downregulation of
TRIB2. DCV severely alters the morphology and decreases the viability
of ERPC cells (Fig. 4A and B). Recently, we reported that knockdown of
TRIB2 by shRNA results in strong morphologic alterations and decrease
in the viability of ERPC cells (14). DCV induced morphologic changes in
prostate cancer cells reminded us about involvement of apoptosis. We

AACRJournals.org

found that DCV enhances annexin V binding which corresponds
to externalization of phosphatidylserine, a hallmark of apoptosis
(Fig. 4D). Moreover, DCV triggers degradation of chromatin DNA
to nucleosomal fragments, cleavage of PARP, upregulation of ATF3,
and phosphorylation of H2AX, confirming that DCV induces
apoptosis in ERPC cells (Fig. 4E and F). Activation of the stress-
activated c-JNK plays a central role in the apoptosis process (31-34).
We found a robust activation of ¢-JNK by DCV (Fig. 4G). In
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Figure 4.

DCV induces apoptosis in ERPC cells. A, ERPC cells were treated with indicated doses of DCV or LDV for 72 hours and cell viability was analyzed by MTS/PES assay.
B, LNCaP-ENR cells were treated with varying doses of DCV, and the cells morphology was observed under phase contrast microscope. The cell cycle analysis (C) and
apoptosis (D) were assessed by flow cytometer in LNCaP-ENR cells treated with DCV for 24 hours. E, Apoptotic effects of DCV were measured by DNA degradation
assay. F, Western blot analysis showing changes in the protein levels of apoptosis, cell survival and DNA damage regulating proteins in ERPC cells treated with DCV
for 24 hours. G, Phosphorylation/activation of c-JNK and (H) activation/cleavage of caspase-3 was detected in DCV treated ERPC cells by Western blot. GAPDH
protein bands shown in Fand G are identical as the proteins were analyzed using the same membrane. I, DCV induced apoptosis was inhibited by Z-VAD-FMK, a pan-
caspase inhibitor in LNCaP-ENR cells. J, Effect of DCV on soft agar colony formation was measured using LNCaP-ENR cells. Colonies were stained with 0.025% crystal
violet, and pictures of colonies were taken with a Nikon digital camera at x200. Graphs show mean + SEM of three independent experiments.
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addition, treatment with DCV resulted in cleavage of caspase-3 and
the DCV induced apoptosis was inhibited by caspase inhibitors
(Fig. 4H and I). Altogether, these findings suggest that DCV kills
ERPC cells via induction of caspase-dependent apoptosis.

ERPC cells are characterized by rapid growth and metastasis which
quickly deteriorate the health of patients with prostate cancer,
turning into a lethal phenotype. Thus, the induction of apoptotic
death in ERPC cells by DCV is a significant event which may be useful
to debulk tumor load. We found that DCV is effective in vivo to
reduce ERPC tumor growth (Fig. 5), and that DCV sensitizes the
ERPC cells back to enzalutamide, presumably via inhibition of TRIB2
(Fig. 6D-F). In our analysis, we found that DCV treatment upre-
gulated AR in ERPC cells (Fig. 6G). We presume that this may have
happened due to DCV-induced downregulation of TRIB2 and con-
sequent derepression of the effect of TRIB2 on AR. Recently, we
reported that TRIB2 effectively downregulates AR protein level in
prostate cancer cells, though the exact mechanism is not fully
understood yet (14). It appears that DCV apparently removes the
obstacle (TRIB2), overexpression of which confers resistance to
antiandrogenic therapy. These findings may have significant clinical
impact in designing newer strategies to develop more effective
therapies for ERPC. Our interest in ERPC stems from the fact that
enzalutamide, which is prescribed post docetaxel failure, extends
lifespan but no effective treatment options remain when resistance to
enzalutamide develops. Currently, most of the men’s lives lost due to
prostate cancer is because of the development of ERPC-like advanced,
aggressive cancer. Our findings may provide additional impetus to
further examine DCV towards clinical development against ERPC,
because DCV is already approved by the FDA and is a well-tolerated
drug for human use. Thus, finding of DCV as a new TRIB2 inhibitor

AACRJournals.org

appears to be a highly significant observation to develop an effective
and novel therapeutic strategy against aggressive, enzalutamide-
resistant, lethal prostate cancer.

Lack of a suitable chemical inhibitor of TRIB2 is delaying devel-
opment of a potentially new targeted therapy for ERPC. Our findings,
for the first-time, document that the antiviral compound, DCV,
inhibits TRIB2 and effectively kills ERPC cells. DCV (Daklinza) is
an FDA-approved anti-hepatitis C viral drug, owned by the Bristol-
Myers Squibb company. On the basis of the ALLY-3 randomized,
multicenter, open-label, active-controlled clinical trial using 60 mg
DCV (equivalent to 66 mg DCV dihydrochloride) along with 400 mg
of sofosbuvir (Sovaldi) via once daily oral dose for 12 weeks in 152
patients (NCT02319031), DCV was given approval for use in HCV
infection in July of 2015 (42, 43). The uptake rate of DCV is about 67%
when delivered orally. In in vivo system, DCV stays mostly as protein
bound (~99%) and metabolized mainly through liver and inhibits p-
glycoprotein (44-47). Acute toxicity studies of DCV in laboratory
animals demonstrated low toxicity with minimal clinical signs and no
evidence of organ toxicity. The maximum non-lethal dose in mice and
rat was found to be 1,000 mg/kg, and in dogs and monkeys was
150 mg/kg (Australian Government Therapeutic Goods Administra-
tion: AusPAR DCV Dihydrochloride/Daklinza, Bristol-Myers Squibb
Australia Pty Ltd PM-2014-00647-1-2 Final 14 December 2015;
https://www.tga.gov.au). Thus, DCV possesses excellent pharmaco-
logic properties. However, direct effect of DCV on mammalian cells is
not well studied, and its effect on cancer cells had never been addressed
before. Thus, our new findings opened an opportunity for using DCV
to downregulate TRIB2 protein involving proteasomes and repurpose
DCV to develop a new therapy for aggressive, lethal cancers, such as
ERPC.

Mol Cancer Ther; 2023
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Figure 6.

Resensitization of ERPC cells by DCV. A and B, Parental (LNCaP, MDA-PCa-2B) and enzalutamide-resistant (LNCaP-ENR, MDA-PCa-2B-ENR) prostate cancer cells
were tested for sensitivity to doses of enzalutamide. C, Western blot showing increased protein levels of TRIB2 and targets in enzalutamide-resistant cells, compared
with parental cells. D, Western blot showing protein levels of TRIB2 and targets in TRIB2 shRNA or DCV (6 umol/L) treated enzalutamide-resistant cells. E and F,
Enzalutamide-resistant (LNCaP-ENR, PCa-2B-ENR) cells were treated with DCV (6 umol/L) with or without enzalutamide. In another set of experiments, ShRNA was
used to downregulate TRIB2 in place of DCV. Cell viability was measured by MTS/PES assays. Note: Inhibition of TRIB2 with DCV (6 umol/L) or lentiviral TRIB2 ShRNA
(1:10) resensitizes resistant cells to enzalutamide. G and H, Western blots showing protein levels of TRIB2 and AR signaling proteins in LNCaP-ENR cells. I, LNCaP-ENR
cells (3x108 per mouse) were injected subcutaneously, and mice were treated with vehicle, ENZA (30 mg/kg/day), DCV (30 mg/kg/day), or their combination for
4 weeks via once daily oral gavage (n = 4). Tumor size and mice body weights were measured once per week. J-M, Synergistic effects of DCV and enzalutamide to
inhibit the viability of prostate cancer cells was measured by MTS/PES Assay. The 3D synergy landscape generated by Loewe model show synergistic effects of DCV
and ENZA in indicated cells. Cell viability was measured by MTS/PES assay. Note: Red surfaces denote a synergistic interaction and green surfaces an antagonistic
interaction. N, Prostate cancer cells were treated with enzalutamide, DCV, or combination for 24 hours and apoptotic effects were measured by DNA degradation
assay. Data presented as mean values & SEM. *, P <0.05; **, P < 0.005.
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