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

26 and progression of ERPC. Though TRIB2 has emerged as an
27 excellent molecular target for ERPC, suitable inhibitors are not
28 commercially available for effective targeting. By designing a lucif-
29 erase-tagged TRIB2 fusion protein-based assay system, we screened
30 a library of about 1,600 compounds and found that daclatasvir
31 (DCV), an antiviral drug, effectively inhibits TRIB2-luciferase. We
32 also found thatDCVdegrades TRIB2 proteins by direct binding and
33 resensitizes ERPC cells to enzalutamide treatment. Moreover, DCV
34 at lower, sublethal doses synergize with enzalutamide to decrease
35 the viability and induce apoptosis in prostate cancer cells. Because
36 DCV is already approved by the FDA and well tolerated in humans,
37 based on our findings, it appears that DCV is a promising new agent
38 for development of an effective therapy for advanced, enzalutamide-
39 resistant, lethal prostate cancer.

40 Introduction
41 About 271,000 men are diagnosed with prostate cancer of which
42 �30,000 die every year, which makes it the most common form of
43 malignancy and second leading cause of cancer-related deaths in
44 American men (1). Advanced prostate cancer is treated with andro-
45 gen-deprivation therapy though castration-resistant prostate cancer
46 (CRPC) invariably develops. CRPC is commonly treated with second-
47 generation androgen blockers, such as enzalutamide, which directly
48 binds and inhibits the androgen receptor (AR) function (2–7). Though
49 enzalutamide extends lifespan of patients with castration-resistant
50 disease, which highlights the benefit of targeting the AR axis, enza-
51 lutamide-resistant prostate cancer (ERPC) invariably develops (8–10).
52 Currently, ERPC is not curable because available chemotherapeutic
53 regimen cannot effectively kill ERPC cells, and this problem is
54 amplified by the lack of proper molecular understanding to develop
55 targeted therapies for ERPC. Failure of available chemotherapeutic
56 regimen to effectively eliminate ERPC cells eventually leads to wide-
57 spread tumor metastasis and causes excruciating pain and suffering.
58 Thus, there is an urgent need to develop new target-based agents and
59 strategies to overcome prostate cancer lethality, inflicted largely by the
60 development of advanced diseases which are resistant to second-
61 generation antiandrogens, such as enzalutamide.

63To better understand the ERPC phenotype, we developed an in vitro
64model by chronically treating human LNCaP prostate cancer cells with
65gradually increasing doses of enzalutamide (up to 30 mmol/L) tomimic
66the clinical conditions in patients undergoing long-term enzalutamide
67therapy (11–13). Comprehensive gene expression analysis of the resul-
68tant cells revealed that Tribbles 2 (TRIB2) is overexpressed in the
69enzalutamide-resistant cells compared with parental enzalutamide
70sensitive cells. Overexpression ofTRIB2was also found in enzalutamide
71treated patient prostate tumors. Moreover, it was observed that forced
72overexpression of TRIB2 confers enzalutamide resistance, and inhibi-
73tion of TRIB2 resensitizes and kills ERPC cells via apoptosis, suggesting
74that TRIB2 is a suitable target for development of a new therapy for
75ERPC (14). TRIB2wasoriginallydiscovered inDrosophila as a regulator
76ofmorphogenesis (15). Later, an association of TRIB2was found with a
77range of cancers (16–18). TRIB2 is oncogenic and plays an active role in
78cancer aggressiveness and drug resistance (19–24). However, because of
79its nonenzymatic nature and absence of manageable deep pocket(s),
80specific targeting of TRIB2 by blocking its protein–protein interactions
81is extremely difficult. Thus, in spite of being recognized as a bona fide
82promoter of therapeutic resistance in prostate cancer, TRIB2 remains as
83an elusive molecular target for developing strategies to overcome
84enzalutamide resistance.
85The main hurdle to develop agents to inhibit TRIB2 is the lack of
86a quick and easy assay procedure to effectively screen large number
87of compounds. Because TRIB2 is not an enzyme, its activity cannot
88be analyzed by measuring the rate of substrate conversion and/or
89product formation. To overcome this problem, we designed a new
90assay system to measure the active/stable state of TRIB2 protein.
91We made a TRIB2-luciferase gene construct by combining the full-
92length human TRIB2 gene with the luciferase gene from Renilla
93reniformis. Destabilization of the three-dimensional conformation
94of the resultant TRIB2-Luc fusion protein can deliver reportable
95outcomes via alteration in the enzymatic activity of luciferase. A second
96screen was designed to eliminate compounds that affect the activity
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99 of free luciferase. Using this dual luciferase assay system, we screened
100 a library of �1,600 FDA-approved compounds and found that
101 daclatasvir (DCV), an antiviral drug (25–30), strongly inhibits the
102 TRIB2-luciferase activity. It was also found that though DCV inhibits
103 the activity of TRIB2-luciferase fusion protein, it does not inhibit the
104 free luciferase activity when TRIB2 is not attached. Thermal shift
105 assay (TSA) revealed that DCV decreases the half-maximal melting
106 temperature (Tm) of pure TRIB2 protein, which suggested that DCV
107 may directly bind and destabilize the TRIB2 protein for enhanced
108 degradation. Indeed, we found that DCV downregulates TRIB2
109 protein level and resensitizes a range of enzalutamide-resistant,
110 aggressive prostate cancer cells. Thus, our dual luciferase-based
111 assay system (involving primary screen and a counter-screen)
112 emerges as an effective way to identify potential TRIB2-targeting
113 agents using simple gene transfected cell lines in culture towards
114 developing a new therapy for aggressive, drug-resistant cancers, such
115 as ERPC.

116 Materials and Methods
117 Cell culture and reagents
118 LNCaP, PCa-2B, andLAPC4humanprostate cancer cells andhuman
119 foreskinfibroblasts (HFF)were purchased fromATCC (Manassas, VA).
120 The enzalutamide-resistant cells (ERPC cells) were generated by expos-
121 ing human prostate cancer cells to an increasing concentration of
122 enzalutamide over 6 months. Cells were grown either in RPMI1640
123 (Invitrogen, Carlsbad, CA) or HPC1 (AthenaES, Baltimore, MD). All
124 the media were supplemented with 10% FBS and antibiotics. ERPC
125 cells were maintained in the presence of enzalutamide (30 mmol/L).
126 The final dose (30 mmol/L) was chosen to mimic the human plasma
127 concentration of enzalutamide (16 mg/mL or �34 mmol/L; mol. wt.
128 465) reached upon three months of treatment with enzalutamide
129 (Xtandi) at 160 mg/day (12, 13). The cell lines morphology was
130 monitored routinely, and the cells were routinely tested for myco-
131 plasma using PCR mycoplasma detection kit (Catalog no. J66117;
132 Alfa Aesar, Tewksbury, MA).

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

136 Microscopy
137 Cells (�300,000)were plated overnight inRPMI1640 supplemented
138 with 10% FBS onto 60-mm diameter tissue culture plates (Falcon) and
139 allowed to grow for 48 hours. On the day of experiment, the spent
140 culture medium was replaced with 2 mL fresh RPMI medium and the
141 cells were treated with inhibitors. Control cells were treated with
142 solvent (DMSO). Photographs were taken with a Nikon digital camera
143 attached to a LEICA microscope at ×400. Image acquisition and data
144 processing were done with aDell computer attached to themicroscope
145 using Q-Capture 7 software.

146 Western blot
147 Cells (�300,000) were plated in 60-mmdiameter plates and allowed
148 to grow for 48 hours. The old medium was then replaced with 2 mL
149 fresh RPMI medium and then the cells were treated with inhibitors.
150 After treatment, cells were harvested, washed, and lysed in lysis buffer
151 (50 mmol/LQ4 HEPES buffer, pH 7.4, 150 mmol/L NaCl, 1 mmol/L
152 EDTA, 1 mmol/L orthovanadate, 10 mmol/L sodium pyrophos-
153 phate, 10 mmol/L sodium fluoride, 1% NP-40, and a cocktail of
154 protease inhibitors). Proteins were separated by 12% SDS-PAGE

156and transferred to nitrocellulose membranes. Membranes were
157blocked with 5% nonfat-milk solution and blotted with appropriate
158primary antibody followed by peroxidase-labeled secondary anti-
159body. Bands were visualized by enhanced chemiluminescence
160detection kit from Pierce Biotech (Rockford, IL). To be accepted
161as valid, protein blots were analyzed at least in two independent
162experiments showing similar results. Antibodies against TRIB2,
163JNK (p), pAKT, FOXO3, and pH2A.X were from Cell Signaling
164Technology. Survivin antibody was purchased from R and D
165Systems (Minneapolis, MN), and antibodies against, Bcl-xL, cyclin
166D1, ATF3, caspase-3, and GAPDH were from Santa Cruz Biotech-
167nology (Santa Cruz, CA). Ki-67 antibody was purchased from
168Sigma Chemical CO (St. Louis, MO).

169DNA degradation assay
170Cells (�300,000) were plated in 60-mmdiameter plates and allowed
171to grow for 48 hours. The old medium was then replaced with 2-mL
172fresh RPMImedium and then the cells were treated with inhibitors for
17324 hours. Drug-treated and control cells were lysed in lysis buffer for 60
174minutes at 4�C and aliquots of lysates were used for measuring DNA
175degradation to nucleosomal fragments using an ELISA kit from Roche
176(St. Louis, MO) as reported before (32).

177Invasion assay
178In vitro invasion assay was done using Matrigel-coated Boyden
179transwell chambers from BD Biosciences. Transwells were soaked in
18050-mL serum-free medium for 30 minutes at room temperature and
181then �40,000 cells (in RPMI medium containing 0.1% BSA) were
182placed into the upper chambers. These chambers were then placed
183in 24 well plate (one per well) on top of 500 mL RPMI medium
184containing 3% FBS as chemoattractant. Inhibitors were added
185directly to the medium and mixed. Then the cells were incubated
186at 37�C in the CO2 incubator for 16 hours. Non-invaded cells along
187with Matrigel in the upper chambers were scraped with a cotton
188tipped applicator and then the membranes were fixed in methanol,
189stained with 0.025% crystal violet, and observed under a Leica
190microscope at ×200.

191Soft agar colony formation assay
192Cells (10,000 per well in 6-well plates) were plated in 0.3% soft agar
193on top of a base layer of 0.6% agar. The cells were treated with doses of
194DCV, and the plates were incubated at 37�C for 3 weeks in the CO2

195incubator. Cells were given fresh media and drug every fourth day. At
196the end of incubation period, colonies were stainedwith 0.025% crystal
197violet, and pictures of colonies were taken with a Nikon digital camera
198at ×200 (31–35).

199TSA
200TSAs were performed using an Applied Biosystems QuantStudio 6
201Flex Real-Time PCR instrument following the Protein Thermal Shift
202Dye Kit protocol (Applied Biosystems). Pure TRIB2 protein was
203diluted in protein thermal shift buffer to a concentration of 0.5
204mmol/L and then incubated with the DCV (2 mmol/L) in a total
205reaction volume of 20 mL. The SYPRO Orange was used as a fluores-
206cence probe.

207TRIB2 modeling and DCV docking
208The homology model of human TRIB2 (UniProt ID: Q92519) was
209built with Swiss-Model. The chemical structure of DCV (CID
21025154714) was retrieved from PubChem. The ligand (DCV) was
211docked to the TRIB2model withAutoDockVina using PyRx platform.
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214 Search space was defined as centers X ¼ 7.6566, Y ¼ 30.1191, and
215 Z¼ 186.2056 and the dimensions (Å) X¼ 48.1519, Y¼ 63.3073, and
216 Z ¼ 40.9325. The docked complex was visualized using PyMOL and
217 BIOVIA discovery studio molecular visualization tools.

218 Drug combination assay
219 The cells were co-treated with the defined concentrations of enza-
220 lutamide andDCVand the cytotoxic effects of the individual drugs and
221 its combinations were measured using MTS assay. The drugs synergy
222 was determined using SynergyFinder 2.0 software (36). The synergistic
223 interaction between drugs has a score greater than þ10; an additive
224 interaction has a score between �10 to þ10; and an antagonistic
225 interaction has a score of less than �10. Deviations between observed
226 and expected responses with positive (red areas) and negative d-values
227 (green areas) indicate synergy and antagonism, respectively.

228 In vivo tumor xenografts
229 Animal studies were approved by the Institutional Animal Care and
230 Use Committee and performed according to the institutional guide-
231 lines for animal care and handling. To analyze the effect of DCV on
232 enzalutamide-resistant prostate tumor growth, exponentially growing
233 LNCaP-ENR cells (3�106 cells/mouse in 50% Matrigel in PBS) were
234 subcutaneously injected into the right flanks of 7-week-old male
235 athymic nude mice (n ¼ 4). When the tumors grew to approxi-
236 mately 100 mm3, mice were randomized and treated with vehicle or
237 DCV (30 mg/kg/day) or enzalutamide (30 mg/kg/day) orally for
238 4 weeks. Tumor size and mice body weights were measured once per
239 week. Tumor growth was monitored by measuring volumes using a
240 digital slide calipers. Tumor volumes were calculated by the formula
241 TV ¼ a � (b)2/2.

242 Statistical analysis
243 Statistical significancewas assessed by two-wayANOVAor the two-
244 tailed Student t test and a value of <0.05 was defined as significant.
245 Results are expressed as the mean � SEM and are described in each
246 figure legend when applied.

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

249 Results
250 High-throughput screening identifies DCV as a novel agent to
251 downregulate TRIB2
252 The amino acid sequence in TRIB2 protein bears similarity to a
253 standard kinase and binds ATP, but it lacks a strong kinase activity
254 (pseudokinase). Thus, we designed an assay system by combining full-
255 length human TRIB2 gene with the luciferase gene from Renilla to
256 make a fusion construct. After analyzing a range of established cancer
257 as well as non-cancer cell lines we found that the HFFs do not express
258 detectable TRIB2 protein. Thus, to avoid the interference from endog-
259 enous TRIB2 and regulators of TRIB2, we selected HFF cells for
260 transfection of the luciferase tagged TRIB2 gene construct. Cells were
261 selected for overexpression of the fusion gene by two rounds of drug
262 (G418) selection. The resultant cells (HFF-TRIB2-Luc) showed strong
263 luciferase activity and a protein product of the size of �72 kDa,
264 suggesting that the fusion construct translates into a functional protein
265 product inside the cells. Using the HFF-TRIB2-Luc cells we screened a
266 library of about 1,600 FDA approved compounds (# HY-L022)
267 purchased from MedChem Express (Monmouth Junction, NJ). Drug
268 effects were tested in 96-well tissue culture plates following a stan-

270dardized 24-hour assay protocol (Fig. 1A). Our assays revealed that
271about 1% of the compounds can inhibit TRIB2-Luc activity by 70% or
272more. Interestingly, we found that DCV, an antiviral drug down-
273regulates the luciferase activity in the first screen by 74% (Fig. 1B
274and C). Moreover, we found that DCV does not inhibit control
275luciferase activity in the second screen, suggesting that the effect of
276DCV may be because of its interaction with TRIB2. Some other
277antiviral compounds were also tested, such as Ledipasvir (LDV),
278darunavir, and dolutegravir which were completely ineffective to
279inhibit TRIB2-luciferase activity in the same experimental system,
280indicating that a critical structural component/configuration is the key
281to inhibit TRIB2 rather than a generalized antiviral property of the
282compounds. From the effects of unknown compounds in the TRIB2-
283Luciferase fusion protein-based assay system, it appears that this
284screening process is effective to identify potential hits which can be
285further tested in cell culture assays to validate TRIB2-targeting com-
286pounds based on potency and cancer selectivity.

287DCV directly binds and destabilizes TRIB2 protein
288Though DCV showed selective effect on TRIB2 based on luciferase
289assays, whether it directly binds with TRIB2 was not clear. To address
290this, we used a TSA of pure TRIB2 protein for analysis of drug–protein
291interactions. The TSA curve of purified recombinant human TRIB2
292protein showed that treatment with DCV shifts the melting curve to
293the left (Fig. 2A). The Tm (midpoint of temperature for melting) was
294found to be decreased from 41�C to 37�C, suggesting destabilization
295of the TRIB2 protein by DCV. This finding also implicates that
296DCV may change the ubiquitination state of TRIB2 protein inside
297the cell towards enhanced degradation involving proteasome activ-
298ity. The Swiss-Prot computer modeling using complete amino acid
299sequence of the human TRIB2 protein revealed that six amino acids
300(Glu-71, Ser-100, Ser-133, Glu-194, Glu-197, and Asp-198) inter-
301act with the DCV molecule (Fig. 2B–E). The computer model also
302suggested that DCV non-covalently binds and destabilizes TRIB2
303protein (Fig. 2D).

304DCV downregulates TRIB2 protein level via proteasomal
305degradation
306We found that DCV efficiently downregulates TRIB2 protein level
307and decreases the viability of ERPC cells (Fig. 3A–D). In our assays, we
308found that DCV inhibits TRIB2 at micromolar doses, but LDV (#7),
309another antiviral drug, neither downregulates TRIB2 nor kills ERPC
310cells, suggesting that the selective effect of DCV against TRIB2 protein
311is due its structural component(s) not present in LDV. To verify the
312effects of DCV we analyzed its effect on TRIB2 downstream markers
313and found that DCV inhibits the protein levels of pAKT, Bcl-xL, and
314survivin, and increased the level of the tumor suppressor, FOXO3
315(Fig. 3E). We also found that DCV enhances degradation of TRIB2
316protein, and this process involves proteasome activity (Fig. 3F andG).
317DCV strongly inhibits the in vitro invasion through extracellular
318matrix and the colony-forming abilities of LNCaP-ENR cells
319(Fig. 3H and I). Thus, DCV as an inhibitor of TRIB2 can stop the
320invasion and recolonization of advanced cancer phenotype which are
321characteristic features of ERPC cells. Altogether, our findings indicate
322that the antiviral drug DCV is a novel inhibitor of TRIB2 and can be
323effective against a range of cancers which overexpress the TRIB2
324pseudokinase.

325DCV kills ERPC cells by inducing apoptosis
326We found that DCV effectively reduced the viability of ERPC cells
327(Fig. 4A and B). DCV (Daklinza) is an FDA-approved drug for
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330 hepatitis C virus (HCV) owned by Bristol-Myers Squibb. It belongs to
331 the class of direct-acting antivirals (DAA) and is known to inhibit the
332 hepatitis C viral nonstructural protein 5A (NS5A) which is important
333 for the replication of the virus (37–41). Here, our experiments with
334 cancer cells revealed that DCV triggers degradation of TRIB2 protein
335 and decreases the viability of ERPC cells, which opened a new avenue
336 for its repurposing against TRIB2-overexpessing cancers, such as
337 ERPC. We also found that DCV treatment reduced the viability of
338 AR-negative and AR-mutated aggressive prostate cancer cells (Sup-
339 plementary Fig. S1 and S2). DCV treatment resulted inG1-phase arrest
340 in ERPC cells accompanied by a decrease of the cell population in the S
341 phase (Fig. 4C). To understand how DCV kills ERPC cells, we
342 observed significant induction of apoptosis in ERPC cells upon DCV
343 treatment, as measured by Annexin V staining by Flow Cytometry
344 (Fig. 4D), and ELISA-based DNA fragmentation (Fig. 4E) analysis.
345 Characteristic cleavage of PARPwhich is an indicator of apoptosis was
346 also observed in DCV treated ERPC cells (Fig. 4F).We also found that
347 DCV decreased the protein level of cell proliferation regulator, cyclin
348 D1, and increased the level of proapoptotic protein, ATF3 in ERPC
349 cells (Fig. 4F). DCV also induced phosphorylation of the H2A.X at
350 Serine139 (Fig. 4F), suggesting induction of DNA damage in ERPC

352cells. To explore the underlying mechanism of DCV-induced apo-
353ptosis in ERPC cells, we analyzed effect of DCV on c-Jun N-terminal
354kinases (c-JNK) which play a critical role in apoptotic pathways (36).
355We found that DCV triggers rapid and robust activation of the c-JNK
356in a dose-dependent manner in ERPC cells (Fig. 4G). Both caspase
357dependent and caspase-independent apoptotic cell death processes
358are known (31, 32, 34). Here, we observed that treatment with DCV
359induces activation of caspase-3 in LNCaP-ENR cells (Fig. 4H).
360Moreover, it was found that the DCV treatment-induced apoptosis
361in ERPC is inhibited when the cells were pretreated with a caspase
362inhibitor, Z-VAD-FMK, suggesting that the DCV-induced apoptosis
363in ERPC cells is caspase-dependent (Fig. 4I). Interestingly, cells
364treated with LDV (also an inhibitor of HCV) did not show any signs
365of apoptotic features (Fig. 4E), suggesting that the effect of DCV to
366induce apoptosis in ERPC cells is selective. Next, we found that DCV
367remarkably blocked the soft agar colony formation (an in vitro test for
368tumorigenicity) by ERPC cells (Fig. 4J). Complete inhibition of
369colony formation by ERPC cells signifies that DCV can penetrate
370to overcome the resistance due to compactness and hypoxic envi-
371ronment at the core of the lumpymass of ERPC cells. Thus, a superior
372in vivo effectiveness of DCV against ERPC can be expected.

Figure 1.

High-throughput screening identifies DCVas 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 mmol/L) for 24 hours in the CO2 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.Q5
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375 DCV inhibits ERPC tumor growth in nude mice
376 To investigate the antitumor effects of DCV in vivo, we subcuta-
377 neously implanted LNCaP-ENR cells into the right flanks of athymic
378 nude mice. Starting at day 11 postimplantation, the mice were treated
379 with either vehicle orDCV for 28 days (Fig 5A).We found thatDCV at
380 30 mg/kg/day (MTD of DCV: > 100 mg/kg/day) inhibits ERPC tumor
381 growth in nude mice without any overt toxicity to animal health
382 (Fig. 5B and C). These finding suggest that DCV is a suitable
383 compoundwith excellent in vivo effect that effectively eliminate deadly
384 ERPC cells towards establishing a new therapy for deadly AR therapy–
385 resistant prostate cancer. IHC analysis of tumor tissues showed that
386 DCV decreased the protein levels of TRIB2 in vivo (Fig. 5D). We also
387 found that DCV-treated tumors showed strong dephosphorylation of
388 AKT at S473 and a strong decrease in Ki-67 positive cells (Fig. 5D).

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

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

423also found that in contrast to the ERPC cells which express high levels
424of TRIB2, the expression of TRIB2 in normal, noncancer cells is
425undetectable. Moreover, inhibition of TRIB2 by shRNA kills ERPC
426cells via caspase mediated apoptosis, while the normal, non-cancer
427cells are not affected (14). These findings indicated that the TRIB2
428oncogene plays a selective, critical role in ERPC cells, suggesting that
429TRIB2 is an excellent target to develop a novel approach to effectively
430eliminate ERPC cells via induction of apoptosis.
431Though TRIB2 has emerged as a promising molecular target for
432androgen-independent prostate cancer, targetable small molecule
433agents to inhibit TRIB2 are not commercially available currently.
434High dose of the kinase inhibitor, afatinib, inhibits TRIB2 but it is
435nonselective and too toxic (16). In our blinded screening, we found that
436DCV strongly inhibits TRIB2-luciferase activity but does not inhibit
437luciferase activity in the absence of TRIB2 protein, suggesting that
438DCV interacts with TRIB2, rather than the luciferase itself. Interest-
439ingly, while DCV inhibits TRIB2-luciferase activity, several other anti-
440viral compounds, such as LDV, dolutegravir, darunavir, and penci-
441clovir were not effective, which suggests that a unique structural
442component in the DCV molecule is critical to inhibit TRIB2. DCV
443is a DAA agent and binds with hepatitis C viral nonstructural protein
4445A (37–41). However, the drug–protein interactions of DCV have not
445been characterized yet in mammalian cells. Thus, our design of
446luciferase-tagged fusion protein-based assay and TSA, to screen a
447library of compounds to find DCV as a direct TRIB2 protein-binding
448inhibitor is a remarkable observation (Figs. 1 and 2). The orientation
449of DCV in the cleft region of TRIB2 molecule suggests that polar
450contacts are established between the ligand and the protein, and that
451six amino acid residues (Glu-71, Ser-100, Ser-133, Glu-194, Glu-197,
452and Asp-198) of TRIB2 form hydrogen bonds with DCV. The binding
453pocket residues of the TRIB2 take part in the hydrogen, hydrophobic,
454and van der Waals interactions with DCV, suggests that this interac-
455tion is non-covalent.
456DCV substantially decreased the protein level of TRIB2 in ERPC
457cells within 24 hours, presumably due to direct interaction with the
458TRIB2 protein which changed its ubiquitination status and primed it
459for proteasomal degradation. Enhanced degradation of TRIB2 protein
460corresponds well with the decrease of its downstream targets, such as
461p-Akt, Bcl-xL, and survivin (Fig. 3A–E), which are known to play
462critical roles in pro-survival mechanisms preventing apoptosis. Fur-
463thermore, as expected, DCV treatment increased the protein level of
464the tumor suppressor, FOXO3-alpha. This may have happened pre-
465sumably via inhibition of TRIB2 which is known to downregulate
466FOXO3 via activation of Akt. Our results with cycloheximide and
467MG132 (a proteasome inhibitor) suggest that DCV induces TRIB2
468degradation via activation of the proteasomal pathway (Fig. 3F andG).
469Therapy-resistant cancer cells develop extraordinary ability to invade
470surrounding tissues, move to distant sites and recolonize to generate
471metastatic nodules which ends up with lethal disease. We found that
472DCV strongly inhibits in vitroMatrigel invasion and colony formation

Figure 2.
Direct interaction of DCVwith 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 TRIB2modelwithAutoDockVina using PyRx platform. Search spacewas defined as centersX¼ 7.6566,Y¼ 30.1191, andZ¼ 186.2056
and the dimensions (Å) X ¼ 48.1519, Y ¼ 63.3073, and Z ¼ 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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475 by ERPC cells (LNCaP-ENR) at sublethal doses (Figs. 3H, I, and 4J),
476 suggesting that the aggressive and metastatic tumor-forming abilities of
477 ERPCcells could be effectively controlled byDCVvia downregulationof
478 TRIB2. DCV severely alters the morphology and decreases the viability
479 of ERPC cells (Fig. 4A andB). Recently, we reported that knockdown of
480 TRIB2 by shRNA results in strongmorphologic alterations and decrease
481 in the viability of ERPC cells (14). DCV inducedmorphologic changes in
482 prostate cancer cells reminded us about involvement of apoptosis. We

484found that DCV enhances annexin V binding which corresponds
485to externalization of phosphatidylserine, a hallmark of apoptosis
486(Fig. 4D). Moreover, DCV triggers degradation of chromatin DNA
487to nucleosomal fragments, cleavage of PARP, upregulation of ATF3,
488and phosphorylation of H2A.X, confirming that DCV induces
489apoptosis in ERPC cells (Fig. 4E and F). Activation of the stress-
490activated c-JNK plays a central role in the apoptosis process (31–34).
491We found a robust activation of c-JNK by DCV (Fig. 4G). In

Figure 3.

Proteasomal degradation of TRIB2 byDCV.A, LNCaP-ENR cellswere plated and treatedwith various drugs (at 10 mmol/L) for 24 hours andwhole-cell lysate proteins
were analyzed byWestern blot. GAPDH was used as loading control. Lane assignment: 1 ¼ Control; 2¼ Ampiroxicam; 3¼ Prazosin; 4 ¼ DCV; 5¼ Ornipressin; 6¼
LDV; 7¼ Lapatinib; 8¼Vorapaxar; 9¼Ponatinib; 10¼Mianserin. Note: Trib2 protein levelwas strongly downregulated byDCV (#4), but not by another antiviral drug
LDV (#6). B, LNCaP-ENR cells (�3,000 cells per well) were plated in 96well plates in complete growthmedium (RPMI plus 10% FBS) and treatedwith varying doses
of DCV or LDV. Plates were incubated for 72 hours at 37�C in the CO2 incubator. Cell viability was measured by MTS/PES cell titer assay (Promega Corp). Note: Cell
viabilitywas effectively decreased byDCV, but not by LDV.C,Chemical structure ofDCV (active) and (D) LDV (inactive).E, LNCaP-ENRcellswere plated and treated
with doses of DCV for 24 hours.Whole-cell lysate proteinswere separated by SDS-PAGE and levels of TRIB2, and targets were analyzed byWestern blot. F, Effect of
DCV on degradation of TRIB2 was analyzed by treating cells with DCVwith 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 CO2 incubator. Invaded
cellsweredetectedby stainingwith crystal violet. I,Effect ofDCVoncolony formationwasmeasuredusing LNCaP-ENRcells. Cells (500perwell in 6well plates)were
plated. The cellswere treatedwith indicated doses of DCV, and the plateswere incubated at 37�C for 2weeks in theCO2 incubator. Cellswere given freshmedia every
fourth day. At the end of incubation period, colonies were stained with 0.025% crystal violet.
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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-ENRcellswere treatedwith varying doses ofDCV, and the cellsmorphologywas observed under phase contrastmicroscope. 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 DCVweremeasured 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 F andG are identical as the proteinswere analyzed using the samemembrane. I,DCV induced apoptosiswas inhibited by Z-VAD-FMK, a pan-
caspase inhibitor in LNCaP-ENR cells. J,Effect of DCVon soft agar colony formationwasmeasured using LNCaP-ENRcells. Colonieswere stainedwith 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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494 addition, treatment with DCV resulted in cleavage of caspase-3 and
495 the DCV induced apoptosis was inhibited by caspase inhibitors
496 (Fig. 4H and I). Altogether, these findings suggest that DCV kills
497 ERPC cells via induction of caspase-dependent apoptosis.
498 ERPC cells are characterized by rapid growth andmetastasis which
499 quickly deteriorate the health of patients with prostate cancer,
500 turning into a lethal phenotype. Thus, the induction of apoptotic
501 death in ERPC cells by DCV is a significant event whichmay be useful
502 to debulk tumor load. We found that DCV is effective in vivo to
503 reduce ERPC tumor growth (Fig. 5), and that DCV sensitizes the
504 ERPC cells back to enzalutamide, presumably via inhibition of TRIB2
505 (Fig. 6D–F). In our analysis, we found that DCV treatment upre-
506 gulated AR in ERPC cells (Fig. 6G). We presume that this may have
507 happened due to DCV-induced downregulation of TRIB2 and con-
508 sequent derepression of the effect of TRIB2 on AR. Recently, we
509 reported that TRIB2 effectively downregulates AR protein level in
510 prostate cancer cells, though the exact mechanism is not fully
511 understood yet (14). It appears that DCV apparently removes the
512 obstacle (TRIB2), overexpression of which confers resistance to
513 antiandrogenic therapy. These findings may have significant clinical
514 impact in designing newer strategies to develop more effective
515 therapies for ERPC. Our interest in ERPC stems from the fact that
516 enzalutamide, which is prescribed post docetaxel failure, extends
517 lifespan but no effective treatment options remain when resistance to
518 enzalutamide develops. Currently, most of the men’s lives lost due to
519 prostate cancer is because of the development of ERPC-like advanced,
520 aggressive cancer. Our findings may provide additional impetus to
521 further examine DCV towards clinical development against ERPC,
522 because DCV is already approved by the FDA and is a well-tolerated
523 drug for human use. Thus, finding of DCV as a new TRIB2 inhibitor

525appears to be a highly significant observation to develop an effective
526and novel therapeutic strategy against aggressive, enzalutamide-
527resistant, lethal prostate cancer.
528Lack of a suitable chemical inhibitor of TRIB2 is delaying devel-
529opment of a potentially new targeted therapy for ERPC. Our findings,
530for the first-time, document that the antiviral compound, DCV,
531inhibits TRIB2 and effectively kills ERPC cells. DCV (Daklinza) is
532an FDA-approved anti-hepatitis C viral drug, owned by the Bristol-
533Myers Squibb company. On the basis of the ALLY-3 randomized,
534multicenter, open-label, active-controlled clinical trial using 60 mg
535DCV (equivalent to 66 mg DCV dihydrochloride) along with 400 mg
536of sofosbuvir (Sovaldi) via once daily oral dose for 12 weeks in 152
537patients (NCT02319031), DCV was given approval for use in HCV
538infection in July of 2015 (42, 43). The uptake rate of DCV is about 67%
539when delivered orally. In in vivo system, DCV stays mostly as protein
540bound (�99%) and metabolized mainly through liver and inhibits p-
541glycoprotein (44–47). Acute toxicity studies of DCV in laboratory
542animals demonstrated low toxicity with minimal clinical signs and no
543evidence of organ toxicity. The maximum non-lethal dose in mice and
544rat was found to be 1,000 mg/kg, and in dogs and monkeys was
545150 mg/kg (Australian Government Therapeutic Goods Administra-
546tion: AusPAR DCV Dihydrochloride/Daklinza, Bristol-Myers Squibb
547Australia Pty Ltd PM-2014–00647–1-2 Final 14 December 2015;
548https://www.tga.gov.au). Thus, DCV possesses excellent pharmaco-
549logic properties. However, direct effect of DCV onmammalian cells is
550not well studied, and its effect on cancer cells had never been addressed
551before. Thus, our new findings opened an opportunity for using DCV
552to downregulate TRIB2 protein involving proteasomes and repurpose
553DCV to develop a new therapy for aggressive, lethal cancers, such as
554ERPC.

Figure 5.

DCV inhibits the growth of enzaluta-
mide-resistant prostate tumors. A and
B, BALB/c nude mice were subcuta-
neously injected with LNCaP-ENR
cells (3�106 per mouse) to develop
tumors and treated with 30 mg/kg/
day DCV or solvent orally for 4 weeks
(n ¼ 4). Tumor size and mice body
weights were measured once per
week. Tumor volumeswere calculated
by the formula TV ¼ a x (b)2/2. �� , P <
0.005. C, Representative control and
DCV-treated mice tumors are shown.
D, TRIB2 protein levels in control and
treated mice tumors was analyzed by
IHC using monoclonal anti-Trib2 anti-
body from Cell Signaling Technology,
Danvers, MA (catalog no. 13533). The
protein expression of pAKT and Ki-67
was detected in xenograft tumors by
IHC. Slides were processed for IHC
using Vectastain Elite Impression Kit
(Vector Labs). Note: DCV was effec-
tive to decrease TRIB2 protein level as
well as tumor volumes. No signs of
overt toxicity (significant loss of ani-
mal body weight, or change in loco-
motion, food intake, skin color, diar-
rhea, color of urine, general viscera)
was observed with DCV treatment for
4 weeks.
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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 mmol/L) treated enzalutamide-resistant cells. E and F,
Enzalutamide-resistant (LNCaP-ENR, PCa-2B-ENR) cells were treatedwith DCV (6 mmol/L) with or without enzalutamide. In another set of experiments, shRNAwas
used to downregulate TRIB2 in place of DCV. Cell viabilitywasmeasured byMTS/PES assays. Note: Inhibition of TRIB2with DCV (6mmol/L) or lentiviral TRIB2 shRNA
(1:10) resensitizes resistant cells to enzalutamide.G andH,Western blots showing protein levels of TRIB2 andAR signaling proteins in LNCaP-ENRcells. I, LNCaP-ENR
cells (3�106 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 (n¼ 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 wasmeasured byMTS/PES Assay. The 3D synergy landscape generated by Loewemodel 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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Q6: Page: 11: Author: The Authors' Disclosures statement that appears in the proof incorporates the
information from forms completed and signed off on by each individual author. No factual
changes can bemade to disclosure information at the proof stage. However, typographical errors
or misspelling of author names should be noted on the proof and will be corrected before
publication. Please note if any such errors need to be corrected. Is the disclosure statement
correct?

Q7: Page: 11: Author: The contribution(s) of each author are listed in the proof under the heading
"Authors' Contributions." These contributions are derived from forms completed and signed off
on by each individual author. If you make changes to these contributions, you must inform the
affected author(s).



AU: Below is a summary of the name segmentation for the authors according to our records.
The First Name and the Surname data will be provided to PubMed when the article is indexed
for searching. Please check each name carefully and verify that theFirstName andSurname are

correct. If a name is not segmented correctly, please write the correct First Name and Surname
on this page and return it with your proofs. If no changes are made to this list, we will assume
that the names are segmented correctly, and the names will be indexed as is by PubMed and
other indexing services.

First Name Surname

Jitender Monga

Frederick Valeriote

Clara Hwang

Shirish Gadgeel

Jagadananda Ghosh
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