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Abstract

Sustained androgen receptor (AR) signaling and apoptosis evasion are among the main hurdles of 

castration-resistant prostate cancer (CRPC) treatment. We designed and synthesized isothiocyanate 

(ITC)-containing hybrid AR antagonist (ITC-ARi) and rationally combined ITC-ARi with GSH 

synthesis inhibitor buthionine sulfoximine (BSO) to efficiently downregulate AR/AR splice 

variant and induce ferroptosis in CRPC cells. The representative ITC-ARi 13 is an AR ligand that 

contains an N-acetyl cysteine-masked ITC moiety and gradually releases parental unconjugated 

ITC 12b in aqueous solution. The in vitro anti-PCa activities of 13, such as growth inhibition and 

AR downregulation, are significantly enhanced when combined with BSO. The drug combination 

caused notable lipid peroxidation and the cell viability was effectively rescued by iron chelator, 

antioxidants or the inhibitor of heme oxygenase-1, supporting the induction of ferroptosis. 13 and 

BSO cooperatively downregulate AR and induce ferroptosis likely through increasing the 

accessibility of 13/12b to cellular targets, escalating free intracellular ferrous iron and attenuating 

GSH-centered cellular defense and adaptation. Further studies on the combination of ITC-ARi and 

GSH synthesis inhibitor could result in a new modality against CRPC.
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1 | INTRODUCTION

Prostate cancer (PCa) is the most common male malignancy with about 170,000 new cases 

and 30,000 deaths in United States in 2019. Although androgen deprivation therapy (ADT) 

is available as a standard care, PCa could still progress to a fatal stage termed castration-

resistant prostate cancer (CRPC) within 2–3 years of ADT (Harris et al., 2009). Because of 

persistent androgen receptor (AR) signaling in CRPC, novel androgen biosynthesis inhibitor 

abiraterone and AR antagonist (ARi) enzalutamide (Enz, Figure 1a) were developed. 

However, intrinsic and acquired resistance inevitably lead to variable response and short-

lived survival benefits. Numerous mechanisms contribute to AR re-activation in CRPC, such 

as: AR amplification and overexpression (Haapala et al., 2007) enabling CRPC respond to 

low levels of androgen; AR mutations allowing promiscuous receptor activation by 

alternative ligands (Korpal et al., 2013) and the expression of AR splice variants (AR-Vs) 

without ligand-binding domain (LBD). AR-Vs are constitutively active and cannot be 

inhibited by conventional ARis (e.g., Enz) or by androgen biosynthesis inhibitors (e.g., 

abiraterone) (Li et al., 2013).

Isothiocyanates (ITCs), such as phenethyl isothiocyanate (PEITC) and sulforaphane (SFN) 

(Figure 1a), are bioactive metabolites of naturally occurring glucosinolates existing in 

cruciferous vegetables. Dietary intake of ITCs decreases the incidence of PCa (Traka et al., 

2014). In recurrent patients, SFN-enriched broccoli sprout extract prolonged doubling time 

of prostate-specific antigen, further indicating the therapeutic potential of ITC in CRPC 

(Alumkal et al., 2015). ITCs are inhibitory to multiple PCa growth and survival mechanisms, 

for example, PEITC accelerates AR degradation (Wang et al., 2006); SFN-N-acetyl cysteine 

(NAC) conjugate inhibits histone deacetylase (HDAC) 6 and therefore disrupts the 

interaction of AR with heat shock protein (Hsp) 90 (Gibbs et al., 2009). ITCs also 

downregulate antiapoptotic proteins (Hwang & Lee, 2010) in PCa cells and suppress PCa 

stem-like cells (Vyas et al., 2016).

To address the challenges of CRPC treatment, we designed isothiocyanate (ITC)-containing 

AR antagonists (ITC-ARis) by incorporating ITC moiety into the chemical scaffold of an 

ARi (Figure 1a) (Ou et al., 2017; Qin et al., 2019). The chemical simplicity of ITC allows 

dual-pharmacophore hybrid drug design without significantly disrupting AR affinity. As a 

single-molecule AR-targeting agent, we envisioned that ITC-ARi antagonistically binds to 

full-length AR (FL AR) and meanwhile possesses ITC-derived polypharmacological anti-

PCa activities, including the downregulation of AR. Compared to the parental ARi and ITC, 

this hybrid drug approach efficiently co-localizes ARi and anti-PCa properties of ITC in the 

same cell and as shown in this work, is highly feasible in the development of combinatorial 

anti-PCa treatments.

Ferroptosis is a regulated non-apoptotic cell death caused by reactive oxygen species (ROS) 

and iron-dependent lipid peroxidation (Stockwell et al., 2017). Growing evidences support 

the exploitation of ferroptosis as a new anticancer approach (Zhang et al., 2019). Across 

diverse cancer types, treatment-resistant cancer cell populations (Viswanathan et al., 2017), 

such as persister cells (Hangauer et al., 2017) and cancer stem cells (Mai et al., 2017), are 

susceptible to ferroptosis induction. Since treating hormone-refractory PCa is hurdled by 
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apoptosis evasion (McKenzie & Kyprianou, 2006), ferroptosis-inducing therapies could be 

of high value for CRPC patients. Here, we report the design, synthesis of ITC-ARi 13 and its 

polypharmacological in vitro anti-PCa activities, either alone or in combination with GSH 

synthesis inhibitor buthionine sulfoximine (BSO). 13 antagonizes AR transactivation and 

downregulates AR/AR-V7 expression. The combination of 13 and BSO further causes 

ferroptosis in Enz-resistant PCa cells, supporting the combination of ITC-ARi and GSH 

synthesis inhibitor as potential therapies against CRPC.

2 | METHODS AND MATERIALS

2.1 | Chemistry

2.1.1 | General methods—All reagents and solvents were purchased from commercial 

suppliers and used without further purification. The reactions were monitored by using thin-

layer chromatography (TLC) on precoated silica gel UV254 plates (Sorbtech) and visualized 

under UV light or after staining by dipping into a solution of phosphomolybdic acid or 

potassium permanganate and then heated on a hot plate. All the final compounds were 

purified to > 95% purity by performing flash column chromatography over 200–300 mesh 

silica gel, and further determined by using high-performance liquid chromatography 

(HPLC). All NMR spectra were obtained using Bruker Ascend™−400 or Varian INOVA 

600 MHz NMR spectrometer. Chemical shifts are expressed in ppm as a δ value, and singlet 

(s), doublet (d), triplet (t), quartet (q), multiplet (m), and broad singlet (bs) are used as 

abbreviations. High resolution mass spectroscopy (HRMS) was collected by using a LCT 

Premier XE KD128 instrument. Low-resolution mass spectroscopy was collected by using 

an Advion expressionL compact mass spectrometers instrument. HPLC analysis was 

conducted using a Phenomenex (LunaR) C18 (3.5 μm), 3.0 mm × 100 mm column on a 

Agilent 1100 instrument. Two solvents were used: solvent A, water containing 0.1% formic 

acid (FA) and 10% (v/v) CH3OH; solvent B, 0.1% FA in CH3CN. Flow rate was set at 0.5 

ml/min.

2.1.2 | General procedure for the synthesis of ITC-ARi 12a, 12b, and 13

4-(5-Nitropyridin-2-yl)but-3-yn-1-ol (3a): In argon atmosphere, to a mixture of 2-bromo-5-

nitropyridine (10.0 g, 49 mmol) and 3-butyn-1-ol (4.55 g, 65 mmol) in acetonitrile (70 ml) 

were added copper iodide (190 mg, 1 mmol), bis(triphenylphosphine) palladium (II) 

chloride (175 mg, 0.25 mmol). Triethylamine (TEA) (34 ml, 250 mmol) was slowly added 

with stirring at 0°C. The mixture was stirred at room temperature overnight. Solvent was 

removed under reduced pressure. The residue was diluted with EtOAc and was washed with 

water and brine. The organic phase was separated and dried over anhydrous Na2SO4 and 

concentrated. The crude product was purified by using flash column chromatography 

(Hexanes/EtOAc: 1:1) to afford 3a as brown oil (8.34 g, 87%). 1H NMR (600 MHz, CDCl3) 

δ 9.36 (d, J = 2.3 Hz, 1H), 8.42 (dd, J = 8.6 Hz, 2.3 Hz, 1H), 7.57 (d, J = 8.6 Hz, 1H), 3.90 

(t, J = 6.1 Hz, 2H), 2.86 (bs, 1H), 2.78 (t, J = 6.2 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 
148.70, 145.27, 142.64, 131.43, 126.89, 94.25, 80.91, 60.46, 23.98.

6-(5-Nitropyridin-2-yl)hex-5-yn-1-ol (3b): 3b was prepared similarly as described for 3a. 2-

bromo-5-nitropyridine (13.2 g, 65 mmol) and 5-hexyn-1-ol (4.9 g, 50 mmol) were used for 
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this reaction. The crude product was purified by using flash column chromatography 

(Hexanes/EtOAc: 2:1) to afford 3b as brown oil (10.5 g, 95%). 1H NMR (400 MHz, 

CDCl3): δ 9.35 (d, J = 2.4 Hz, 1H), 8.42 (dd, J = 8.6 Hz, 2.6 Hz, 1H), 7.54 (d, J = 8.6 Hz, 

1H), 3.72 (t, J = 5.7 Hz, 2H), 2.54 (t, J = 6.5 Hz, 2H), 1.87 (bs, 1H), 1.75–1.79 (m, 4H). 13C 

NMR (100 MHz, CDCl3): δ 149.15, 145.30, 142.48, 131.27, 126.77, 97.22, 80.10, 62.20, 

31.84, 24.44, 19.40.

2-(4-(Methoxymethoxy)but-1-yn-1-yl)-5-nitropyridine (4a): In argon atmosphere, to a 

solution of 3a (8.34 g, 43.4 mmol) in THF (80 ml) were added N,N-diisopropylethylamine 

(DIPEA; 18 ml, 108.6 mmol). Bromo(methoxy)methane (7.2 ml, 90%, 78 mmol) was then 

slowly added at 0°C. Reaction was stirred at room temperature overnight. Precipitate was 

filtered and filtrate was evaporated under reduced pressure. The residue was diluted with 

EtOAc and was washed with water and brine. The organic phase was separated and dried 

over anhydrous Na2SO4 and concentrated. The crude product was purified by using flash 

column chromatography (Hexanes/EtOAc: 6:1 → 4:1) to afford 4a as yellow solid (6.3 g, 

61%). 1H NMR (400 MHz, CDCl3): δ 9.36 (d, J = 2.6 Hz, 1H), 8.43 (dd, J = 8.6 Hz, 2.6 Hz, 

1H), 7.56 (d, J = 8.6 Hz, 1H), 4.68 (s, 2H), 3.80 (t, J = 6.7 Hz, 2H), 3.40 (s, 3H), 2.82 (t, J = 

6.7 Hz, 2H). 13C-NMR (100 MHz, CDCl3): 148.87, 145.31, 142.59, 131.27, 126.88, 96.50, 

93.96, 80.47, 65.23, 55.40, 21.17.

2-(6-(Methoxymethoxy)hex-1-yn-1-yl)-5-nitropyridine (4b): 4b was prepared similarly as 

described for 4a by using 3b (10.5 g, 47.7 mmol) as the starting material. The crude product 

was purified by using flash column chromatography (Hexanes/EtOAc: 4:1) to afford 4b as 

brown oil (10.69 g, 85%). 1H NMR (400 MHz, CDCl3): δ 9.36 (d, J = 2.6 Hz, 1H), 8.42 (dd, 

J = 8.6 Hz, 2.7 Hz, 1H), 7.53 (d, J = 8.6 Hz, 1H), 4.63 (s, 2H), 3.58 (t, J = 5.4 Hz, 2H), 3.37 

(s, 3H), 2.56 (t, J = 6.4 Hz, 2H), 1.75–1.80 (m, 4H). 13C NMR (100 MHz, CDCl3): δ 
149.20, 145.31, 142.47, 131.22, 126.77, 97.15, 96.48, 80.07, 67.07, 55.20, 29.02, 24.94, 

19.40.

6-(4-(Methoxymethoxy)butyl)pyridin-3-amine (5a): Palladium on carbon (200 mg) was 

added to a solution of 4a (8.40 g, 35.6 mmol) in methanol (100 ml). The reaction was stirred 

at pressurized hydrogen atmosphere (60 psi) overnight. The mixture was filtered and the 

filtrate was evaporated under reduced pressure to afford brown oil that can be directly used 

in the following step (7.81 g, 95%). 1H NMR (400 MHz, CDCl3): δ 8.03 (s, 1H), 6.92–6.94 

(m, 2H), 4.60 (s, 2H), 3.54 (br s, 2H), 3.54(t, J = 6.5 Hz, 2H), 3.35 (s, 3H), 2.71 (t, J = 7.7 

Hz, 2H), 1.72–1.78 (m, 2H), 1.62–1.67 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 152.10, 

140.15, 136.87, 122.63, 122.53, 96.41, 67.67, 55.11, 37.03, 29.38, 26.71.

6-(6-(Methoxymethoxy)hexyl)pyridin-3-amine (5b): 5b was prepared similarly as described 

for 5a by using 4b (10.68 g, 40.4 mmol) as the starting material. Product was obtained as 

brown oil (9.05 g, 94%). 1H NMR (400 MHz, CDCl3): δ 8.02 (m, 1H), 6.91 (m, 2H), 4.61 

(s, 2H), 3.60 (br s, 2H), 3.50 (t, J = 6.6 Hz, 2H), 3.35 (s, 3H), 2.65 (t, J = 7.8 Hz, 2H), 1.64–

1.71 (m, 2H), 1.55–1.60 (m, 2H), 1.35–1.41 (m, 4H). 13C NMR (150 MHz, CDCl3): δ 
152.42, 140.13, 136.80, 122.56, 122.51, 96.39, 67.84, 55.07, 37.28, 30.10. 29.67, 29.11, 

26.09.

Qin et al. Page 4

Chem Biol Drug Des. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.1.3 | Methyl 2-((6-(4-(methoxymethoxy) butyl)pyridin-3-yl)amino)-2-
methylpropanoate (7a)—Sodium acetate (30.5 g, 372 mmol) was added to a solution of 

5a (7.81 g, 37.2 mmol) and 6 (33.7 g, 186 mmol) in anhydrous ethanol (500 ml). The 

reaction was refluxed for 10 days. Reaction was filtered and the filtrate was concentrated 

under reduced pressure. The residue was diluted with EtOAc and was washed with water 

and brine. The organic phase was separated and dried over anhydrous Na2SO4 and 

concentrated. Crude product was purified by using flash column chromatography (Hexanes/

EtOAc: 1:2 → EtOAc, 3.78 g, 34.3%). 1H NMR (400 MHz, CDCl3): δ 7.95 (d, J = 2.8 Hz, 

1H), 6.93 (d, J = 8.4 Hz, 1H), 6.81 (dd, J = 8.4 Hz, 2.8 Hz, 1H), 4.60 (s, 2H), 4.05 (brs, 1H), 

3.71 (s, 3H), 3.54 (t, J = 6.5 Hz, 2H), 3.35 (s, 3H), 2.70 (t, J = 7.6 Hz, 2H), 1.71–1.80 (m, 

2H), 1.62–1.68 (m, 2H), 1.54 (s, 6H). 13C NMR (100 MHz, CDCl3): δ 176.18, 152.20, 

139.41, 138.37, 123.11, 122.35, 96.40, 67.66, 57.73, 55.09, 52.52, 36.98, 29.41, 26.59, 

26.14 (2C).

3-((4-(6-(Methoxymethoxy)hexyl)phenyl)amino)-3-methylbutan-2-one (7b): 7b was 

prepared similarly as described for 7a by using 5b (3.0 g, 12.6 mmol) and 6 (22.8 g, 126 

mmol) as the starting materials in the presence of sodium acetate (15.0 g, 189 mmol). The 

crude product was purified by using flash column chromatography (Hexanes/EtOAc, 1:2) to 

afford 7b as yellow oil (3.1 g, 73%). 1H NMR (600 MHz, CDCl3): δ 7.90 (d, J = 2.8 Hz, 

1H), 6.88 (d, J = 8.4 Hz, 1H), 6.78 (dd, J = 8.4Hz, 2.8 Hz, 1H), 4.56 (s, 2H), 4.00 (br s, 1H), 

3.67 (s, 3H), 3.60 (t, J = 6.6 Hz, 2H), 3.46 (t, J = 6.6 Hz, 2H), 3.30 (s, 3H), 2.62 (t, J = 7.7 

Hz, 2H), 1.60–1.66 (m, 2H), 1.52–1.57 (m, 2H), 1.50 (s, 6H), 1.29–1.39 (m, 4H). 13C NMR 

(150 MHz, CDCl3): δ 176.17, 152.53, 139.25, 138.21, 123.09, 122.27, 96.31, 67.76, 57.67, 

55.03, 52.51, 37.18, 29.96. 29.61, 29.11, 26.09 (2C), 26.04.

4-(3-(6-(4-(Methoxymethoxy)butyl)pyridin-3-yl)-4,4-dimethyl-5-oxo-2-thioxoimidazo 
lidin-1-yl)-2-(trifluoromethyl)benzonitrile (9a): 8 (8.78 g, 38.5 mmol) was added to a 

solution of 7a (3.78 g, 12.8 mmol) in DMSO (25 ml). Reaction was stirred at 80°C 

overnight. The mixture was diluted with EtOAc and washed with water and brine. Organic 

phase was dried over anhydrous Na2SO4 and concentrated. The crude product was purified 

by using flash column chromatography (Hexanes/EtOAc: 2:1 → 1:1) to afford 9a as brown 

oil (5.8 g, 90%). 1H NMR (600 MHz, CDCl3): δ 8.45 (d, J = 2.4 Hz, 1H), 7.96 (d, J = 8.4 

Hz, 1H), 7.94 (s, 1H), 7.82 (d, J = 7.8, 1H), 7.54 (dd, J = 8.4 and 2.4 Hz, 1H), 7.33 (d, J = 

8.4 Hz, 1H), 4.60 (s, 2H), 3.56 (t, J = 6.4 Hz, 2H), 3.34 (s, 3H), 2.90 (t, J = 7.8 Hz, 2H), 

1.84–1.90 (m, 2H), 1.66–1.72 (m, 2H), 1.58 (s, 6H). 13C NMR (150 MHz, CDCl3): δ 
180.32, 174.67, 163.63, 149.58, 137.44, 136.95, 135.25, 133.56 (q, J = 33.7 Hz), 132.16, 

129.59, 127.04 (q, J = 4.9 Hz), 123.42, 121.82 (q, J = 274.2 Hz), 114.76, 110.24 (q, J = 2.6 

Hz), 96.43, 67.43, 66.34, 55.16, 37.81, 29.44, 26.12, 23.71 (2C).

4-(3-(6-(6-(Methoxymethoxy)hexyl)pyridin-3-yl)-4,4-dimethyl-5-oxo-2-thioxoimidazo 
lidin-1-yl)-2-(trifluoromethyl)benzonitrile (9b): 9b was prepared similarly as described for 

9a by using 7b (3.0 g, 8.9 mmol) and 8 (6.0 g, 26.3 mmol) as starting materials. Flash 

column chromatography (Hexanes/EtOAc: 1:1 → 1:2) gave 9b as yellow oil (4.2 g, 90%). 
1H NMR (600 MHz, CDCl3): δ 8.46 (d, J = 2.4 Hz, 1H), 7.97 (d, J = 8.3 Hz, 1H), 7.95 (d, J 
= 1.6 Hz, 1H), 7.83 (dd, J = 8.3 Hz, 1.9 Hz, 1H), 7.54 (dd, J = 8.2 and 2.5 Hz, 1H), 7.32 (d, J 
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= 8.3 Hz, 1H), 4.60 (s, 2H), 3.51 (t, J = 6.6 Hz, 2H), 3.34 (s, 3H), 2.87 (t, J = 8.0 Hz, 2H), 

1.73–1.83 (m, 2H), 1.56–1.65 (m, 2H), 1.59 (s, 6H), 1.40–1.46 (m, 4H). 13C NMR (150 

MHz, CDCl3): δ 180.33, 174.69, 164.00, 149.51, 137.42, 136.93, 135.25, 133.61 (q, J = 

33.4 Hz), 132.14, 129.50, 127.04 (q, J = 4.9 Hz), 123.38, 121.81 (q, J = 274.3 Hz), 114.74, 

110.29 (q, J = 2.2 Hz), 96.38, 67.71, 66.34, 55.10, 38.10, 29.60, 29.47, 29.22, 26.05, 23.73 

(2C).

4-(3-(6-(4-Hydroxybutyl)pyridin-3-yl)-4,4-dimethyl-5-oxo-2-thioxoimidazolidin-1-yl)-2-
(trifluoromethyl) benzonitrile (10a): To the solution of 9a (5.8 g, 11.4 mmol) in methanol, 

hydrogen chloride (4N, in 1,4-dioxane) (15 ml, 60 mmol) was added dropwise. Reaction 

was stirred at room temperature overnight. Most of the solvent was removed and the residue 

was diluted with EtOAc and washed with saturated sodium bicarbonate. The crude product 

was purified by using flash column chromatography (Hexanes/EtOAc: 1:2 → 1:4 → EA) to 

afford 10a as brown oil (4.9 g, 94%). 1H NMR (600 MHz, CDCl3): δ 8.40 (d, J = 1.6 Hz, 

1H), 7.93 (d, J = 8.4 Hz, 1H), 7.92 (s, 1H), 7.80 (d, J = 8.4, 1H), 7.53 (dd, J = 8.4 and 2.2 

Hz, 1H), 7.31 (d, J = 8.3 Hz, 1H), 3.63 (t, J = 6.3 Hz, 2H), 2.99 (br s, 1H), 2.86 (t, J = 7.8 

Hz, 2H), 1.78–1.86 (m, 2H), 1.58–1.66 (m, 2H), 1.54 (s, 6H). 13C NMR (150 MHz, CDCl3): 

δ 180.3, 174.7, 163.6, 149.4, 137.7, 137.0, 135.3, 133.4 (q, J = 33.6 Hz), 132.3, 129.7, 

127.06 (q, J = 5.0 Hz), 123.62, 121.84 (q, J = 274.3 Hz), 114.81, 110.07, 66.39, 62.02, 

37.45, 32.16, 25.66, 23.62 (2C).

4-(3-(6-(6-Hydroxyhexyl)pyridin-3-yl)-4,4-dimethyl-5-oxo-2-thioxoimidazolidin-1-yl)-2-
(trifluoromethyl) benzonitrile (10b): 10b was prepared similarly as described for 10a. 9b 
(1.68 g, 3.14 mmol) in methanol (15 ml) was treated with hydrogen chloride (4N, in 1,4-

dioxane) (4 ml). The crude product was purified by using flash column chromatography 

(Hexanes/EtOAc: 1:1 → 1:2) to afford 10b as yellow foam (1.4 g, 91%). 1H NMR (600 

MHz, CDCl3): δ 8.42 (d, J = 2.0 Hz, 1H), 7.93–7.95 (m, 2H), 7.81 (d, J = 8.2, 1H), 7.53 (dd, 

J = 8.2 and 2.0 Hz, 1H), 7.31 (d, J = 8.2 Hz, 1H), 3.58 (t, J = 6.5 Hz, 2H), 2.84 (t, J = 7.8 Hz, 

2H), 2.16 (br s, 1H), 1.80–1.72 (m, 2H), 1.56 (s, 6H), 1.50–1.58 (m, 2H), 1.36–1.44 (m, 4H). 
13C NMR (150 MHz, CDCl3) δ 180.33, 174.69, 163.93, 149.48, 137.51, 136.99, 135.31, 

133.47 (q, J = 33.5 Hz), 132.19, 129.55, 127.08 (q, J = 5.3 Hz), 123.52, 121.83 (q, J = 

274.26 Hz), 114.78, 110.15 (q, J = 2.3 Hz), 66.37, 62.59, 37.94, 32.52, 29.44, 29.04, 25.46, 

23.68, 23.64. HR-ESI-MS m/z Calcd for C24H26F3N4O2S [M + H]+ 491.1729, found 

491.1724.

4-(3-(6-(4-Azidobutyl)pyridin-3-yl)-4,4-dimethyl-5-oxo-2-thioxoimidazolidin-1-yl)-2-
(trifluoromethyl) benzonitrile (11a): In argon atmosphere, methanesulfonyl chloride (0.55 

ml, 7.1 mmol) was added dropwise to a stirred solution of 10a (820 mg, 1.77 mmol) in 

dichloromethane (DCM) and TEA (1.23 ml, 8.87 mmol) at 0°C. The resulted mixture was 

stirred at 0°C for 30 min and at room temperature for 1 hr. The mixture was diluted with 

DCM and washed with water and brine, the organic phase was separated, dried over 

anhydrous Na2SO4 and concentrated under reduced pressure. The residue was re-dissolved 

in DMF (15 ml), followed by the addition of sodium azide (345 mg, 5.3 mmol). The mixture 

was stirred at room temperature overnight and was diluted with EtOAc, washed with water 

and brine. The crude product was purified by using flash column chromatography (Hexanes/

Qin et al. Page 6

Chem Biol Drug Des. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



EtOAc, 1:2) to afford 11a as colorless oil (194 mg, 25%). 1H NMR (600 MHz, CDCl3): δ 
8.48 (d, J = 2.0 Hz, 1H), 7.98 (d, J = 8.3 Hz, 1H), 7.95 (s, 1H), 7.83 (d, J = 8.2 Hz, 1H), 7.57 

(dd, J = 8.2 Hz, 2.3 Hz, 1H), 7.34 (d, J = 8.2 Hz, 1H), 3.33 (t, J = 6.8 Hz, 2H), 2.91 (t, J = 

7.8 Hz, 2H), 1.86–1.92 (m, 2H), 1.68–1.74 (m, 2H), 1.59 (s, 6H). 13C NMR (150 MHz, 

CDCl3): δ 180.35, 174.65, 163.09, 149.66, 137.60, 136.89, 135.26, 133.64 (q, J = 33.5 Hz), 

132.13, 129.77, 127.03 (q, J = 5.1 Hz), 123.47, 121.81 (q, J = 274.5 Hz), 114.72, 110.34 (q, 

J = 2.6 Hz), 66.35, 51.19, 37.43, 28.51, 26.47, 23.75 (2C).

4-(3-(6-(6-Azidohexyl)pyridin-3-yl)-4,4-dimethyl-5-oxo-2-thioxoimidazolidin-1-yl)-2-
(trifluoromethyl) benzonitrile (11b): 11b was prepared similarly as described for 11a. 

Briefly, methanesulfonate intermediate was prepared by reacting 10a (1.35 g, 2.75 mmol) 

with methanesulfonyl chloride (0.42 ml, 5.47 mmol) in the presence of TEA (1.15 ml, 8.25 

mmol) in DCM (15 ml) and was further converted to azide by stirring with sodium azide 

(506 mg, 7.8 mmol) in DMF (12 ml) at room temperature for 6 hr. Crude product was 

purified using flash column chromatography to give 11b as yellow oil (1.4 g, 94%). 1H 

NMR (600 MHz, CDCl3): δ 8.45 (d, J = 2.4 Hz, 1H), 7.95 (d, J = 9.1 Hz, 1H), 7.94 (s, 1H), 

7.82 (dd, J = 8.3Hz, 1.8Hz, 1H), 7.54 (dd, J = 8.2 Hz, 2.5 Hz, 1H), 7.31 (d, J = 8.3 Hz, 1H), 

3.24 (t, J = 6.9 Hz, 2H), 2.85 (t, J = 7.8 Hz, 2H), 1.73–1.81 (m, 2H), 1.55–1.62 (m, 2H), 1.57 

(s, 6H), 1.45–1.38 (m, 4H). 13C NMR (150 MHz, CDCl3): δ 180.33, 174.67, 163.77, 149.55, 

137.46, 136.98, 135.26, 133.50 (q, J = 33.5 Hz), 132.19, 129.57, 127.05 (q, J = 4.9 Hz), 

123.41, 121.84 (q, J = 274.2 Hz), 114.77, 110.20 (q, J = 2.3 Hz), 66.36, 51.35, 37.96, 29.27, 

28.87, 28.66, 26.49, 23.68 (2C). HR-ESI-MS m/z Calcd for C24H25F3N7OS [M + H]+ 

516.1793, found 516.1785.

4-(3-(6-(4-Isothiocyanatobutyl)pyridin-3-yl)-4,4-dimethyl-5-oxo-2-thioxoimidazolidin-1-
yl)-2-(trifluoro methyl)benzonitrile (12a): To a solution of 11a (194 mg, 0.40 mmol) in 

THF (5 ml) was added triphenylphosphine (225 mg, 0.86 mmol). The mixture was refluxed 

overnight, followed by the addition of carbon disulfide (3 ml) and another 12-hr reflux. 

Solvent was removed under reduced pressure, and the crude product was purified by using 

flash column chromatography (Hexanes/EtOAc, 1:1) to afford 12a as colorless oil (53 mg, 

26%). 1H NMR (600 MHz, CDCl3): δ 8.47 (d, J = 1.6 Hz, 1H), 7.97 (d, J = 8.3 Hz, 1H), 

7.95 (s, 1H), 7.83 (d, J = 8.2 Hz, 1H), 7.57 (dd, J = 8.3 and 1.6 Hz, 1H), 7.34 (d, J = 8.2 Hz, 

1H), 3.57 (t, J = 6.4 Hz, 2H), 2.90 (t, J = 7.6 Hz, 2H), 1.88–1.97 (m, 2H), 1.75–1.86 (m, 

2H), 1.59 (s, 6H). 13C NMR (150 MHz, CDCl3): δ 180.35, 174.64, 163.66, 149.72, 137.66, 

136.94, 135.28, 133.56 (q, J = 33.5 Hz), 132.18, 129.88, 127.05 (q, J = 4.9 Hz), 123.52, 

121.83 (q, J = 274.3 Hz), 114.76, 110.26 (q, J = 2.4 Hz), 66.38, 44.87, 37.03, 29.52, 26.23, 

23.74 (2C). ESI-MS m/z Calcd for C23H21F3N5OS2 [M + H]+ 504.6, found 504.3.

4-(3-(6-(6-Isothiocyanatohexyl)pyridin-3-yl)-4,4-dimethyl-5-oxo-2-thioxoimidazolidin-1-
yl)-2-(trifluoro methyl)benzonitrile (12b): 12b was prepared similarly as described for 12a. 

Briefly, 11b (1.5 g, 2.9 mmol) and triphenylphosphine (1.5 g, 5.8 mmol) were dissolved in 

THF (10 ml) and refluxed overnight followed by the addition of carbon disulfide (9 ml) and 

another 5-hr reflux. Solvent was removed under reduced pressure. The crude product was 

purified by using flash column chromatography (Hexanes/EtOAc, 1:1) to afford 12b as 

yellow foam (905 mg, 59%). 1H NMR (600 MHz, CDCl3): δ 8.45 (d, J = 2.3 Hz, 1H), 7.96 
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(d, J = 8.6 Hz, 1H), 7.95 (s, 1H), 7.83 (dd, J = 8.3 Hz, 1.8Hz, 1H), 7.55 (dd, J = 8.2 Hz, 2.5 

Hz, 1H), 7.32 (d, J = 8.3 Hz, 1H), 3.49 (t, J = 6.6 Hz, 2H), 2.86 (t, J = 7.9 Hz, 2H), 1.76–

1.82 (m, 2H), 1.65–1.72 (m, 2H), 1.57 (s, 6H), 1.38–1.49 (m, 4H). 13C NMR (150 MHz, 

CDCl3): δ 180.33, 174.67, 163.62, 149.57, 137.52, 136.97, 135.27, 133.51 (q, J = 33.6 Hz), 

132.21, 129.61, 127.06 (q, J = 5.0 Hz), 123.47, 121.84 (q, J = 274.3 Hz), 114.77, 110.20 (q, 

J = 2.3 Hz), 66.37, 44.97, 37.87, 29.74, 29.16, 28.50, 26.34, 23.71 (2C). HR-ESI-MS m/z 
Calcd for C25H25F3N5OS2 [M + H]+ 532.1453, found 532.1478.

N-acetyl-S-((6-(5-(3-(4-cyano-3-(trifluoromethyl)phenyl)-5,5-dimethyl-4-oxo-2-
thioxoimidazolidin-1-yl) pyridine-2-yl)hexyl)carbamothioyl)-L-cysteine (13): To a solution 

of 12b (300 mg, 0.56 mmol) in acetonitrile (3 ml) was added N-acetylcysteine (NAC) (60 

mg, 0.37 mmol) and sodium bicarbonate (240 mg, 2.86 mmol). The reaction mixture was 

warmed up to about 45°C overnight with stirring. Solvent was removed under reduced 

pressure. The crude product was purified by using flash column chromatography (Hexanes/

EtOAc, 2:1 → 1:1 → DCM/MeOH/AcOH, 10:1:1%). Purified product was re-dissolved in 

EtOAc and washed with distilled water to remove the remaining NAC. After concentration, 

13 (13) was obtained as white foam (162.2 mg, 63%). 1H NMR (600 MHz, CDCl3) δ 8.64 

(s, 1H), 8.54 (d, J = 1.8 Hz, 1H), 7.97 (d, J = 8.4 Hz, 1H), 7.94 (d, J = 1.2 Hz, 1H), 7.83 (dd, 

J = 8.4 Hz, 1.8 Hz, 1H), 7.67 (dd, J = 8.4 Hz, 2.4 Hz, 1H), 7.40 (d, J = 8.4 Hz, 1H), 4.70 (m, 

1H), 3.35–3.99 (m, 4H), 2.86 (t, J = 7.8, 2H), 1.99 (s, 3H), 1.79–1.71 (m, 2H), 1.71–1.63 (m, 

2H), 1.59 (s, 6H), 1.46–1.36 (m, 4H). 13C NMR (150 MHz, CDCl3) δ 196.51, 180.46, 

174.58, 172.53, 171.70, 163.15, 148.45, 139.12, 136.93, 135.36, 133.53 (q, J = 33.6 Hz), 

132.28, 130.35, 127.09 (q, J = 5.1 Hz), 124.30, 121.83 (q, J = 274.2 Hz), 114.77, 110.27 (q, 

J = 2.2 Hz), 66.50, 53.71, 47.69, 36.83, 35.67, 29.36, 28.54, 27.66, 26.20, 23.75 (2C), 22.96. 

HR-ESI-MS m/z Calcd for C30H34F3N6O4S3 [M + H]+ 695.1756, found 695.1743.

2.2 | Molecular modeling and docking

Homology model of AR was built by using Prime (Schrödinger, LLC), in which antagonistic 

GR structure (PDB code: 1NHZ) was used as template (Pepe et al., 2013). The agonistic 

forms of AR (PDB code: 2AMB) were aligned with antagonistic GR. Docking was 

performed using Glide (Schrödinger, LLC) in the extra precision mode with the induced fit 

docking protocol. The docking site was defined by the centroid of the template ligand with a 

box covering the entire ligand-binding site. Coordinate files of AR, 12a, 12b, 13, and Enz in 

pdb format are available as Supplementary Files.

2.3 | 13 releases 12b in aqueous buffer

Samples for HPLC analysis were prepared by diluting the stock solution (50 mM in DMSO) 

of 13 in PBS buffer (10 mM, pH 7.4) containing 5% acetonitrile. The sample for 0 min was 

immediately analyzed right after dilution. The aliquot of incubated samples (37°C) was 

analyzed at indicated time points. A linear plot of the log (peak area) versus incubation time 

was generated to determine the half-life (T1/2) of decomposition. HPLC analysis was 

performed by using Agilent 1100 HPLC system coupled with UV-vis detector set at 260 nm. 

The column, mobile phase, and flow rate were described in general methods, and the 

gradient was as follows: t = 0 min, 10% B; t = 1 min, 10% B; t = 30 min, 90% B; 30–35 

min, 90% B.
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2.4 | Biological assessments

2.4.1 | Cell cultures, antibodies, and reagents—VCaP, LNCaP, C4–2, 22Rv1, 

RWPE-1, and MDA-kb2 cells were obtained from the American Type Culture Collection. 

Cells were maintained in RPMI-1640 medium (LNCaP, C4–2, 22Rv1, and VCaP) or L-15 

medium (MDA-kb2) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 

100 U/ml penicillin/streptomycin under 5% CO2 at 37°C. RWPE-1 cells were maintained in 

Keratinocyte-SFM serum free medium supplemented with EGF (Epidermal Growth Factor) 

and BPE (Bovine Pituitary Extract) (Thermo Fisher, 17005042). The antibodies against 

acetyl-histone H3 (06–599) and acetyl-histone H4 (06–598) were purchased from Millipore 

Sigma-Aldrich (Burlington, MA). Acetylα-Tubulin (5335), horseradish peroxidase-

conjugated anti-rabbit (7074), or anti-mouse (7076) antibodies were from Cell Signaling 

Technology. AR (sc-816), Hsp70 (sc-59569), Hsp90 (sc-7947), glyceraldehyde 3-phosphate 

dehydrogenase (sc-25778), and c-Myc (sc-40) antibodies were from Santa Cruz 

Biotechnology. AR-V7 antibody (AG10008) was from Precision Antibody. Luciferase assay 

kit (E2520) was from Promega. 5α-dihydrotestosterone (DHT) and BSO were from Sigma-

Aldrich. PEITC-NAc was purchased from Santa Cruz Biotechnology. Drugs were dissolved 

in DMSO and freshly diluted in culture media before treatment. The final DMSO 

concentration was <0.1% (v/v).

2.4.2 | MTT assay—PCa cells (6 × 103 cells/well) were seeded into 96-well plate 

overnight and then treated with indicated compounds at indicated concentrations and time 

duration. MTT (3-(4, 5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was 

performed according to the standard protocol. Briefly, MTT (0.5 mg/ml) was incubated with 

cells at 37°C for 3 hr. Supernatant was removed followed by the addition of dimethyl DMSO 

(100 μl). After incubation for 30 min at 37°C, absorbance was read at 570 nm on a 

microplate reader.

2.4.3 | Luciferase assay—MDA-kb2 cells were incubated in Leibovitz’s/L15 medium 

supplemented with 10% charcoal-stripped FBS and 1% antibiotic for 24 hr. Cells (1 × 104 

cells/well) were seeded into 96-well plate for 24 hr and incubated with indicated 

concentration of compounds with or without DHT (1 nM) for 24 hr. For all procedure, cells 

were incubated at CO2 free condition. Steady-Glo® reagent was added to culture media with 

shaking for 10 min. Samples (100 μl) were transferred to an opaque 96-well white plate, and 

luminescence was measured using a luminometer.

2.4.4 | Western Blotting—Cells treated with the indicated drug or drug combination 

were washed with ice-cold PBS, lysed in RIPA buffer containing 1% PMSF 

(phenylmethylsulphonyl fluoride, a serine protease inhibitor) for 30 min over ice and 

centrifuged (4°C, 8765 g, 15 min). The protein concentration of supernatants was 

determined using Pierce BCA Protein Assay Kit (Thermo Fisher, Cat# 23225). Proteins in 

cell lysates (~40 μg) were separated using electrophoresis on SDS-PAGE and transferred 

onto PVDF (polyvinylidenedifluoride) membranes. Membranes were blocked in 5% fat-free 

milk followed by incubation with primary antibodies overnight at 4°C, and the secondary 

horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibodies. The blots were 

developed in Enhanced Chemiluminescence mixture and detected by ImageQuant™ LAS 
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4000 imaging system (GE). Density of protein bonds was calculated and analyzed by using 

imageJ software downloaded from National Institute of Health website.

2.4.5 | Colony formation assay—Cells (22Rv1 or C4–2) were seeded in six-well 

plates (1,000/well) and cultured overnight. Cells were then treated with 13 (1 μM in 22Rv1; 

2.5 μM in C4–2), BSO (5 μM) alone or in combination for 24 hr. Cells were washed and 

cultured in drug-free medium (22Rv1, 11 days; C4–2, 8 days). On the last day, the medium 

was removed, cells were washed with PBS and fixed with methanol. The colonies were 

stained with crystal violet solution for 3 hr at room temperature and air-dried.

2.4.6 | Lipid peroxidation assay—Lipid peroxidation was accessed in VCaP cells 

using C11-BODIPY Image-iT Lipid Peroxidation Kit (C10445; Thermo Fisher Scientific). 

In brief, cells were plated in high-content imaging glass bottom 96-well microplates (1.5 × 

104 cells/well) for 48 hr followed by the treatment of BSO (100 μM), 13 (2.5 μM) for 24 hr. 

Cumene hydroperoxide (CH, 100 μM, 2 hr) was used as positive control. Combinatorial 

treatments were conducted by pretreating cells with BSO for 16 hr, followed by 13 for 24 hr. 

The lipid peroxidation sensor BODIPY-C11 (10 μM) was added to the cells and incubated 

for 30 min followed by incubation with Hoechst 33342 (1 mM) in PBS. Cells were washed 

with PBS three times and fluorescence was measured using SYNERGY LX multi-mode 

reader (BioTek) at two wavelengths: excitation/emission of 581/590 nm for the reduced dye 

and the excitation/emission of 488/510 nm for the oxidized dye. The ratio of green-to-red 

fluorescence intensity was used as the readout of lipid peroxidation. The values were 

normalized to the blank negative. For live-cell imaging, the cells were treated as described 

above, and fluorescence images were acquired using a EVOS™ Auto 2 (Thermo Fisher 

Scientific) Imaging System.

2.5 | Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0. Error bars represent mean ± 

standard deviation (SD) or mean ± standard error (SEM) as indicated in Figure caption. The 

differences between data sets were compared using student’s t test or one-way ANOVA with 

significance level set at p < .05.

3 | RESULTS

3.1 | Chemistry

3.1.1 | The design of ITC-containing AR antagonist—Several factors, such as the 

critical roles of AR signaling in CRPC (Tran et al., 2009), pleotropic anti-PCa activities of 

ITC (Novio et al., 2016) as well as the heterogenous nature of PCa tumor (Li et al., 2018), 

prompt us to design ITC-ARi hybrid drug that (a) competitively binds to FL AR as classical 

antagonist; (b) downregulates AR/AR-V to address AR overexpression and to target the 

constitutively active AR-V; and (c) suppresses additional PCa growth/survivial pathways, 

such as the elevated apoptosis threshold. The multifunctional nature of ITC-ARi could 

increase respond rate, cancer cell killing, and limit the drug resistance during treatment.
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We selected thiohydantoin scaffold of Enz as the starting point of hybrid drug design. Enz 

(Figure 1a) is a FDA-approved ARi with higher AR affinity compared to the previous-

generation bicalutamide (Tran et al., 2009). To specifically interact with AR, the benzonitrile 

ring of Enz positions inside the androgen-binding pocket and the cyano group forms 

essential hydrogen bonds with Arg752 and Gln711(Guo et al., 2011). As the 

conformationally restricted thiohydantoin ring directs the rest of the molecule to the opening 

side of androgen-binding cavity, the fluorobenzene ring is expected to tolerate structural 

modifications for hybrid drug design without losing AR affinity. In a previous study on 

thiohydantoin-based ARi, replacing a phenyl ring with pyridine decreased lipophilicity and 

improved bioavailability (Yoshino et al., 2010). We similarly changed fluorobenzene to 

pyridine, which lowered CLogP of 12b compared with the fluorobenzene-based analogue 

(6.29 vs. 7.93, calculated by using ChemDraw 16.0). We then introduced an alkyl linker 

carrying ITC group to afford arylalkyl ITC and predicted that these extra structural elements 

can be accommodated in the space outside androgen-binding pocket. To investigate if the 

length of linker could impact anti-PCa activities, two ITC-ARis with four- and six-carbon 

chain, respectively, were prepared (12a and 12b, Figure 1a). The favorable AR interactions 

of the designed hybrid drugs were supported by molecular docking. Because the crystal 

structure of antagonist-liganded AR is not available, our docking analysis was performed by 

using a reported homology model (Pepe et al., 2013) obtained by aligning the agonistic AR 

(PDB code: 2AMB) with the 3D structure of GR in its antagonistic conformation (PDB 

code: 1NHZ). 12a (Figure S1a) and 12b (Figure 1b) were similarly docked at the AR LBD. 

Their cyano-bearing phenyl rings have almost the same binding pose to that of Enz. In all 

dockings, the cyano group forms hydrogen bonds with Gln711 and Arg752, respectively. 

The benzonitrile ring forms a T-shaped π-π interaction with Phe764. The extended 

structures consisting linker and ITC moiety were found to locate at a shallow surface pocket 

formed by Leu712, Trp741, His874, and Ile906 and do not impose steric hindrance.

N-acetyl cysteine conjugate of ITC is the ultimate in vivo metabolite of many dietary ITCs 

(Zhang, 2012). Moreover, NAC or cysteine conjugate of ITCs could be histone deacetylase 

inhibitors (HDACis) evidenced by the increased acetylation markers in cell culture and in 

animal models (Myzak et al., 2004, 2006). Different from common phase II drug 

metabolites, ITC-NAC conjugate is still biologically active (Bhattacharya et al., 2012; 

Hwang & Lee, 2010; Jiao et al., 1997), explained by: (a) the NAC conjugates gradually 

release free ITCs in biological matrix (Conaway et al., 2001); (b) Similar to ITC, ITC-NAC 

directly modifies protein thiols via trans-thiocarbamoylation (Shibata et al., 2011); and (c) 

the NAC conjugate acts as HDACi in contrast to parental ITC. 12b was therefore converted 

to NAC conjugate 13 (Figure 1a). Polar NAC conjugation further reduces the CLogP of 13 
to 4.92, in sharp contrast to that of 12b. The conjugation may also avoid acute electrophilic 

attack to cells via gradual free ITC release. The molecular docking model predicted that the 

interactions of 13 with AR (Figure S1b) were similar to those of 12a and 12b.

3.1.2 | Synthesis of ITC-ARi 12a, 12b, and the NAC conjugate 13—To 

synthesize the designed hybrid drugs, four- and six-carbon chains were firstly introduced to 

the pyridine ring through Sonogashira coupling (Scheme 1), respectively. The hydroxyl 

group of 3 was then protected as methoxy-methyl acetal (MOM) to prevent the potential 
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interferences in the following steps. Simultaneous hydrogenation of nitro and alkyne 

functionalities of 4 gave aromatic amine 5 which was alkylated by 6 in the presence of 

sodium acetate in ethanol. Because of the low reactivity of the aromatic amine, the reaction 

was refluxed for days to obtain reasonable yields. The alkylation product 7 reacted with aryl 

isothiocyanate 8 in DMSO at 80°C to afford the thiohydantoin 9a and 9b in good yields. 

MOM protecting group was removed by using hydrochloric acid, and the obtained free 

hydroxyl group was converted to azide (11a or 11b) through a methanesulfonate 

intermediate. The transformation of azide 11 to ITC was achieved by using a one-pot two-

step procedure (García-Moreno et al., 2002): triphenylphosphine reacted with the azides to 

generate phosphazide or iminophosphorane intermediates which further reacted with carbon 

disulfide (in excess) to obtain ITC-ARi 12a and 12b, respectively. Conjugation of 12b with 

NAC in the presence of sodium bicarbonate afforded 13.

3.1.3 | NAC conjugate 13 gradually releases free ITC 12b in aqueous solution
—N-acetyl cysteine conjugate of ITC reversibly forms free ITC in aqueous solution 

(Conaway et al., 2001). To test this possibility on the setting of ITC-ARi, we dissolved 13 
(50 μM) in PBS at physiological pH (7.4) and monitored its decomposition at 37°C using 

HPLC. The unconjugated ITC 12b was gradually formed (Figure 2), and the half-life of 13 
was about 3.4 hr calculated based on the changes of peak area. As shown by the shorter 

retention time on the C18 reversed-phase HPLC column, conjugation with polar NAC 

notably improves polarity of 13 over 12b. 13 therefore can be viewed as a more water 

soluble “prodrug” of 12b when it is used in cell culture or administrated in vivo.

3.2 | Biological characterization

3.2.1 | ITC-ARi hybrid drugs reduce viability of PCa cells—We firstly examined 

if ITC-ARi affects the viability of PCa cells. VCaP cell line naturally expresses abundant 

wild-type FL AR as well as AR-Vs (e.g., AR-V7) and was used as one of the cell culture 

models. 12a (IC50 4.85 μM) and 12b (IC50 3.89 μM) decreased viability of VCaP cells 

grown in full medium (Figure 3a). 12b with longer linker showed higher potency, which is 

in line with the reported antiproliferative activities of phenylhexyl ITC that is either more 

potent or comparable to other phenylalkyl ITCs bearing shorter linkers (Sharma et al., 2008). 

Although milder than the free ITC 12b, 13 (IC50 6.09 μM, Figure 3a) was more potent than 

the NAC conjugate of PEITC (P-NAC, IC50 10.13 μM, Figure 3a), a dietary arylalkyl ITC 

with broadly reported anticancer activities (Trachootham et al., 2006; Wang et al., 2006). 

Similar rank orders of potency, that is, 12b > 13 > PEITC-NAC, were also seen in 22Rv-1 

and C4–2 PCa cell lines (compared at 5 μM) (Figure 3b). Likely due to the gradually release 

of unconjugated 12b to restrain abrupt electrophilic insult, 13 (2.5–10 μM) displayed better 

cancer selectivity of than 12b when the two compounds were compared in PCa LNCaP cell 

and the non-cancerous prostatic epithelial RWPE-1 cell. In contrast to 13, the viability of 

both LNCaP and RWPE-1 cells was almost equally suppressed by 12b (Figure S2). 

Considering this observation together with the better water solubility, we focused on 13 for 

further biological characterizations.

3.2.2 | 13 inhibits dihydrotestosterone (DHT)-stimulated AR transactivation 
and downregulates FL AR and AR-V7—Sustained AR signaling is one of the major 
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driving forces of CRPC. Derived from thiohydantoin ARi and equipped with AR-

modulating ITC moiety, 13 is designed to suppress both AR transcriptional activity and the 

expression of AR proteins.

The impact of 13 on AR transactivation was assessed by using MDA-kb2 cell-based 

androgen response element (ARE) luciferase assay. MDA-kb2 cell expresses high levels of 

FL AR and is stably transfected with an androgen-responsive luciferase reporter plasmid, 

and the cellular luciferase activity is proportional to AR activation (Wilson et al., 2002). As 

shown in Figure 4a, DHT (1 nM) increased luciferase activity by about 8.6 fold. 13 and its 

precursors, that is, 10b (an alcohol), 11b (an azide), and 12b, suppressed androgen 

stimulation in a dose-dependent manner. Although not as potent as Enz at 1 μM (60% 

inhibition vs. 80% inhibition), 10b and 11b were Enz-comparable at 2.5 and 5 μM, 

suggesting the novel thiohydantoin chemical scaffold retains AR antagonist activity through 

the direct AR interaction, and there is room for optimization in future studies. ITC hybrid 

drug 12b and the NAC conjugate 13 were less effective than Enz, 10b, and 11b at 1 μM, but 

antagonized AR similarly at higher concentrations (2.5 and 5 μM). This observation can be 

partially explained by the electrophilicity of ITC which promotes GSH conjugation and the 

interactions with additional cellular proteins. 13 and 12b showed similar AR suppression, 

supporting that NAC conjugate is a suitable surrogate of free ITC.

We further assessed growth inhibition of C4–2 cell line by 13 in the presence of DHT. C4–2 

is a LNCaP-derived, androgen-responsive PCa cell line that is less sensitive to Enz than 

LNCaP and is a model to evaluate AR antagonism in CRPC setting (Lai et al., 2013). 13 (2.5 

and 5 μM) was more effective than Enz in suppressing DHT (1 nM)-stimulated cell growth 

(Figure 4b). Considering the similar AR suppression of 13 and Enz at tested concentrations 

(2.5 and 5 μM) in ARE luciferase assay (Figure 4a), the effectiveness of 13 could be due to 

the broader impact on cell growth other than inhibiting AR pathway alone.

Sulforaphane (Gibbs et al., 2009) and PEITC (Beklemisheva et al., 2007; Wang et al., 2006) 

downregulate AR by inducing proteasome degradation and suppressing transcription factors 

(TFs) that activate AR gene. To investigate if ITC-ARi similarly changes AR/AR-V at 

protein level, VCaP cells were treated with 13 and 12b (5 and 15 μM) for 16 hr. SFN (5 and 

15 μM), Enz (10 μM), and SAHA (1 μM, a positive control for HDAC inhibition) were 

tested side by side for comparison. As shown in Figure 4c, 13 dose-dependently decreased 

both FL AR and AR-V7. It was more effective than SFN but was not as potent as 12b at 

lower concentration (5 μM). Enz upregulated AR-V7 and did not change FL AR (Figure 4c). 

SFN was reported to elicit AR degradation via intracellularly forming HDAC6-inhibiting 

NAC conjugate (Gibbs et al., 2009) and HDAC6 is known to modulate AR hypersensitivity 

and nuclear localization in CRPC (Ai et al., 2009). To test the possible connections between 

ITC-ARi-caused AR downregulation and HDAC inhibition, the standard markers for 

HDAC6 and nuclear HDAC inhibition, that is, the acetylation of α-tubulin and histone H3, 

respectively, were characterized. Although SFN (15 μM) increased α-tubulin acetylation, 13 
and 12b did not show significant effects on both α-tubulin and histone H3, suggesting that 

HDAC inhibition may not be a critical factor in 13/12b-induced AR downregulation. 

Besides the change of AR and AR-V, SFN, 13 and 12b also significantly induced Hsp70 and 

another cellular stress marker heme oxygenase 1 (HO-1) whereas the expression of Hsp90 
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was not affected. These effects were further confirmed in a 12 hr time course study (Figure 

4d): 13 (10 μM) induced time-dependent decline of FL AR and AR-V7, and Hsp70 and 

HO-1 were notably increased after 6 hr of treatment.

Full-length AR is a client protein of Hsp90 and AR-V7 might be chaperoned by other heat 

shock proteins (Moses et al., 2018). Because Hsp70 upregulation indicates the possible heat 

shock protein disruption (Kitson et al., 2013) that leads to client protein degradation, we 

assessed if 13 changes the stability of AR and AR-V7. VCaP cells were treated with 

cycloheximide (CHX, 25 μg/ml) to block new protein synthesis, and the following drug 

treatment significantly reduced stability of both FL AR and AR-V7 (Figure 4e). 13-induced 

AR/AR-V7 downregulation was partially rescued by proteasome inhibitor MG-132 (data not 

shown), suggesting proteasome degradation was involved in AR reduction.

Besides the posttranslational mechanisms, suppressing TFs that drive the transcription of AR 
also leads to AR downregulation. Multiple Sp1 binding sites are located near the 

transcriptional initiation region of AR gene, and PEITC was shown to decrease AR partially 

through Sp1 downregulation (Beklemisheva et al., 2007; Wang et al., 2006). A recent study 

further shows c-Myc promotes AR-V expression by upregulating pre-mRNA splicer 

hnRNPA1 (Nadiminty et al., 2015). As to the ITC-ARi, the exposure of VCaP cells to 13 
(5.0, 10 μM) for 24 hr dose-dependently reduced Sp1 and c-Myc at protein level (Figure 4f), 

suggesting 13 may additionally decrease AR through affecting relevant TFs.

3.2.3 | BSO improves anti-PCa activities of 13—GSH is the most abundant 

endogenous free thiol. Conjugation with GSH promotes efflux transporter-mediated export 

of intracellular ITC (Callaway et al., 2004). The hinderance of GSH may also interfere the 

interactions of ITC-GSH conjugate with relevant cellular targets. Moreover, ROS production 

is one of the major mechanisms of ITC-induced cancer cell death (Xiao et al., 2010) and 

GSH could attenuate this effect via participating various detoxification pathways as an 

antioxidant (Lushchak, 2012). We therefore hypothesized that depleting cellular GSH could 

potentiate the anticancer activities of ITC-ARi. As L-buthionine sulfoximine (BSO) is a 

potent and specific inhibitor of γ-glutamylcysteine ligase (γGCL), the rate-limiting enzyme 

of GSH biosynthesis, we combined ITC-ARi 13 with BSO and tested the combination in 

PCa cells.

VCaP or 22Rv1 cells were pretreated with BSO (2.5–10 μM) overnight to induce GSH 

deficiency, followed by 13 (1–10 μM) co-treatment for 24 hr. The combinatorial effects were 

quantified using “interaction index” (Falchi et al., 2017) which is defined as (% viable cells 

treated with drug combination)/(% viable cells treated with drug 1) × (% viable cells treated 

with drug 2). Synergism, antagonism, and the additive effect are characterized by an index 

<0.8, >1.2 and a value in between, respectively. 13 plus BSO synergistically decreased 

viability of both VCaP and 22Rv-1 cells (Figure 5a and Table S1). Moreover, the 

combination efficiently suppressed colony formation of 22Rv1 and C4–2 cells at low μM 

concentrations when the treated cells were cultured in drug-free media for multiple days 

(Figure 5b). In contrast to the synergism in PCa cells, BSO did not notably enhance the 

potency of 13 in non-cancerous prostatic RWPE-1 cells, even it was used at 100 μM (Figure 

5c). These results suggest that 13 plus BSO might be more specific to malignant cells. 
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Compared to 13, the potentiation of 11b (an azide analogue of 13) and PEITC-NAC by BSO 

were limited as shown in VCaP and 22Rv1 cells (Figure 5d), suggesting that: (a) ITC is a 

key mediator for potency enhancement by BSO (13 vs. 11b); (b) the synthetic ITC-ARi 

scaffold is a better carrier of ITC than PEITC (13 vs. PEITC-NAC). The differential cellular 

protein binding profiles of the two compounds, such as the direct inhibitory binding of 12b/

13 to AR, might be a main contributor for this difference. As shown in Figure 5e, 13 (2.5 

μM, 16 hr) plus BSO (100 μM) efficiently downregulated AR and/or AR-V7, and 

upregulated HO-1 and Hsp70 in both VCaP and 22Rv-1 cells, in sharp contrast to the 

individual drugs alone. It is worth mentioning that 22Rv1 cell expresses high levels of AR-

V7 and is resistant to Enz treatment (Li et al., 2013).

3.2.4 | 13 and BSO combination induces ferroptosis in PCa cells—Despite 

significantly decreasing the viability of PCa cells, the combination of 13 and BSO did not 

cause well detectable PARP cleavage (data not shown), indicating the activation of 

alternative cell death other than apoptosis. Because both ITC and BSO affect redox balance, 

and the upregulated HO-1 increases free intracellular ferrous iron (Fe2+) via heme 

decomposition (Chang et al., 2018), we turned our attention to ferroptosis, a non-apoptotic 

cell death originated from ROS and iron-dependent oxidative lipid damage (Stockwell et al., 

2017). Following this hypothesis, the dependency of viability suppression on intracellular 

iron and ROS was investigated. VCaP or 22Rv1 cells were pretreated with BSO (100 μM, 16 

hr), followed by iron chelator DFO (100 μM) and 13 (2.5 μM in VCaP and 5 μM in 22Rv1). 

As expected, DFO effectively protected cells from viability loss (Figure 6a). Overexpression 

of HO-1 is a key mediator of ferroptosis through heme decomposition-promoted Fe2+ 

elevation. Zinc(II) protoporphyrin IX (ZnPP), a specific inhibitor of HO-1, was notably 

protective (Figure 6a), further supporting the involvement of iron in the growth inhibition. 

VCaP and 22Rv1 cells were also rescued by antioxidant α-tocopherol (α-Toc, 100 μM) and 

the well-recognized ferroptosis suppressor ferrostatin-1 (Fer-1, 0.5 μM) (Skouta et al., 2014; 

Zilka et al., 2017) (Figure 6a). Both lipophilic α-Toc and Fer-1 are able to scavenge radicals 

in phosphatidylcholine lipid bilayers and break the redox cycle producing lipid 

hydroperoxide. The protection by DFO, ZnPP, and antioxidants (α-Toc, Fer-1) supports the 

induction of ferroptosis by the combination of 13 and BSO. Similar rescuing effects were 

also observed at a much lower BSO concentration (10 μM) in VCaP and 22Rv1 cells (Figure 

S3), demonstrating 13 plus BSO is a robust ferroptosis-inducing modality in PCa cells. The 

addition of ferric ammonium citrate (FAC, 25 μM) exacerbated cell suppression of the drug 

combination (Figure 6b), giving another evidence supporting the iron-dependent viability 

suppression and the occurrence of ferroptosis. Once inside the cells, FAC (Fe3+) is reduced 

to Fe2+ which makes the cells more sensitive to ferroptosis induction. In VCaP cell, although 

BSO alone also sensitized cells to FAC, the decrease of viability was significantly less than 

that of the three-reagent combination. A similar trend was also seen in C4–2 cell (Figure 6c), 

that is, the added ferric iron enhanced the suppressive effects of BSO (100 μM) and 13 (0.6–

5 μM). Different from VCaP cells, BSO plus FAC had little impact on C4–2 cell (data not 

shown), likely due to the distinct nature of specific cell lines. Lipid peroxidation, the direct 

cause of ferroptosis, was measured by using BODIPY-C11 dye in VCaP cells. Upon 

oxidation in live cells, the emission of the BODIPY® 581⁄591 C11 probe shifts from red 

(590 nm, reduced form) to green (510 nm, oxidized form), providing a ratiometric indication 
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of lipid peroxidation. In contrast to vehicle and each individual treatment, 13 plus BSO 

markedly increased BODIPY-C11 oxidation, evidenced by the fluorescent imaging and the 

significantly increased 510 nm/590 nm (green/red) fluorescence ratio (Figure 6d). These 

results further support ferroptosis induction by the drug combination.

4 | DISCUSSION

Numerous mechanisms, such as overexpression of FL AR, upregulation of truncated AR-Vs, 

and apoptosis evasion are involved in the resistance of CRPC to current treatments. To 

address these hurdles, ITC-ARi 13 was designed as multifunctional anti-PCa agent that 

antagonistically binds to AR and downregulates both AR and AR-V7. Compared to 13 itself, 

the combination of 13 and BSO more efficiently depletes AR/AR-V7 and further induces 

ferroptosis in PCa cells.

Dietary ITCs are stored as inert glucosinolates in plants and are released during food 

consumption via plant myrosinase and/or gastrointestinal microflora-initiated decomposition 

cascade. ITCs are readily absorbed in vivo and are bioavailable in free or conjugated forms, 

such as GSH conjugate or the metabolites of mercapturic acid pathway (e.g., ITC-NAC 

conjugate, etc.) (Yagishita et al., 2019). Due to electrophilicity, modification of proteins is a 

key mechanism underlying the biological activities of ITCs. However, ITCs are 

differentiated from many other electrophiles by reversible covalent interactions with GSH 

and protein sulfhydryls (Ahn et al., 2010). The prodrug-like release and the reversible 

binding to cellular thiols are unique properties of dietary ITCs, which may reduce the risks 

associated with permanent protein modifications (Lee & Grossmann, 2012). To mimic this 

natural process, we converted free ITC-ARi 12b to the NAC conjugate 13 which gradually 

releases 12b in aqueous solution. The NAC conjugation not only increases polarity (Figure 

2) and water solubility but also improves PCa selectivity of 13 over 12b (Figure S2).

13 is a polypharmacological anti-PCa agent. It antagonizes DHT-stimulated AR 

transcriptional activity (Figure 4a) and PCa cell growth (Figure 4b), downregulates (Figure 

4c,d) and decreases the stability of AR/AR-V7 (Figure 4e), and reduces c-Myc and Sp1 at 

protein levels (Figure 4f). The downregulation of AR, c-Myc, and Sp1 is line with the 

reported activities of PEITC (Wang et al., 2006) and SFN (Vyas et al., 2016). Several 

molecular events might be relevant to 13-caused destabilization of AR. FL AR is a Hsp90 

client protein and AR-V7 is likely chaperoned by other Hsps (Moses et al., 2018). 

Unliganded FL AR resides in the cytoplasm and is complexed sequentially by various Hsps 

(e.g., Hsp40, Hsp70, Hsp90) and co-chaperons collectively termed foldsome (Cano et al., 

2013). Inhibiting Hsp90 or disrupting other foldsome members destabilizes FL AR and 

negatively regulates AR-Vs. For instance, besides promoting FL AR degradation, Hsp90 

inhibitor onalespib also decreases AR-V7 mRNA levels through transcriptome-wide 

alteration of mRNA splicing (Ferraldeschi et al., 2016). Compound C86 binds to Hsp40, 

destabilizes both FL AR and AR-V7 and subsequently compromises their transcriptional 

activity (Moses et al., 2018). By using recombinant human Hsp90β as a model, studies show 

that several cysteine residues located at the middle domain of Hsp90 were modified by ITC 

or electrophilic ITC analogues. For example, SFN analogue 6-HITC was shown to 

covalently interact with C521 (Shibata et al., 2011) and sulfoxythiocarbamate-based SFN 
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analogue modifies C412, C564, and one of the vicinal C589 or C590 (Zhang et al., 2014). 

Because Hsp90 is a major negative regulator of heat shock factor-1 (HSF-1) and cysteine 

modifications cause conformational changes that hinder the chaperone function, 6-HITC and 

sulfoxythiocarbamates upregulated Hsp70 through HSF-1-mediated heat shock response 

(HSR) and destabilized Hsp90 client proteins. In our experiments, 13 decreased the stability 

of AR and AR-V7 and meanwhile upregulated Hsp70, suggesting that 13 may similarly 

affect Hsps and AR foldsome via thiocarbamoylation to accelerate the degradation of AR 

and AR-V. Moreover, c-Myc knockdown also compromises protein stability of FL AR and 

AR-V, leading to impaired AR signaling (Bai et al., 2019). From this point of view, 13-

caused c-Myc reduction (Figure 4f) could also contribute to the observed AR/AR-V7 

destabilization and downregulation. As a dual-pharmacophore hybrid drug, 13 may 

simultaneously bind to AR and ITC-interacting proteins, whether the assumed ternary 

complex plays a role in FL AR destabilization is currently under investigation in our 

laboratory and the results will be reported accordingly. Nevertheless, we show 13 effectively 

decreased wild-type FL AR and AR-V7 in PCa cells. Due to the common AR/AR-V 

modulation by foldsome and/or c-Myc pathways, 13 might also be an effective 

downregulator of the mutated FL AR and other AR-V species. More studies are required to 

validate these speculations and to elucidate the complex mechanisms behind 13-induced 

AR/AR-V7 downregulation and degradation.

13 upregulates HO-1 (Figures 4c,d and 5e), another property distinct from Enz. Studies 

using SFN and PEITC demonstrate ITCs upregulate HO-1 through Nrf2 activation. Human 

Keap 1 is a cysteine-rich protein with 27 cysteine residues. C151, surrounded by basic 

amino acids that lower the pKa of sulfhydryl, is particularly active and is an essential sensor 

of electrophilic SFN (Zhang & Hannink, 2003) and PEITC (Dayalan Naidu et al., 2018). 

Cysteine thiocarbamoylation of Keap1 by ITCs prevents the newly synthesized Nrf2 from 

being ubiquitinated by Cul3 E3 ligase, which allows Nrf2 to translocate into nucleus, 

heterodimerize with sMaf and initiate the transcription of detoxification/antioxidant genes, 

including HO-1 and the genes encoding GSH synthesis enzymes and the Xc− system 

uptaking cystine as the precursor of GSH synthesis (Zhang & Chapman, 2020). Like other 

ITCs, 13 may upregulate HO-1 via the interactions with the cysteine residue(s) of Keap1 and 

subsequently activate Nrf2. Active Nrf2 signaling is a well-recognized chemoprevention 

event at the tumor-initiating stage; however, its powerful cytoprotective effects could be 

utilized by cancer cells to enforce survival, proliferation, metastasis, and treatment resistance 

(Rojo de la Vega et al., 2018; Sporn & Liby, 2012). To further exploit the anti-CRPC 

potentials of ITC-ARi by counteracting the undesired Nrf2 adaptation, we rationally 

combined 13 with BSO.

Buthionine sulfoximine inhibits γ-GCL, the rate-limiting enzyme of GSH synthesis. It is 

relatively low toxic (Dorr et al., 1986) and has been used for the development of novel 

anticancer drug combinations. For example, BSO was combined with chemotherapy drug 

melphalan in clinical trials (O’Dwyer et al., 1996) and was administrated prior to cisplatin in 

animal models (Lien et al., 2016). In our study, the synergy of BSO and 13 is reflected by 

suppressing PCa viability (Figure 5a) and colony formation (Figure 5b), downregulating 

AR/AR-V and upregulating HO-1 by 13 at lower concentration (Figure 5e), as well as 
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inducing ferroptosis in PCa cells (Figure 6 and Figure S3). BSO could potentiate the anti-

PCa activities of 13 through numerous mechanisms (Figure 7). First, because the formation 

of a bulky GSH conjugate hinders the interactions of ITC with their cellular targets and 

facilitates ITC export through cell membrane efflux pumps (Callaway et al., 2004), BSO-

induced GSH deficiency could increase cellular drug accumulation and improve 

accessibility of 12b or 13 to target proteins (e.g., FL AR, Keap-1), which results in efficient 

AR antagonism and HO-1 induction. Second, sustained HO-1 upregulation under GSH 

deficiency is critical for ferroptosis induction. HO-1 catalyzes the decomposition of heme 

into carbon monoxide, biliverdin, and Fe2+, which elevates free Fe2+ that is a key reactant 

for the formation of ferroptosis-promoting lipid hydroperoxide and for Fenton reaction-

originated oxidative damage (Feng & Stockwell, 2018). In our experiment, the viability of 

PCa cells was effectively rescued by HO-1 inhibitor ZnPP and by iron chelator DFO (Figure 

6a and Figure S3), supporting the involvement of HO-1 and Fe2+ in ferroptosis induction. 

Third, BSO treatment may repress GSH-dependent cellular defense that protects cells from 

oxidative damage and ferroptosis induction. GSH is the reducing equivalent of glutathione 

peroxidase. Among them, glutathione peroxidase 4 (GPX4) is the central regulator of 

ferroptosis (Yang et al., 2014) and is the only known phospholipid peroxidase that converts 

lipid hydroperoxide to unreactive lipid alcohol. GSH deficiency may lead to insufficient 

lipid damage repair and the accumulation of lipid hydroperoxide. Taking together, the 

expanded free Fe2+ pool and the attenuated GSH-powered cellular defense cooperatively 

cause ferroptosis. Fourth, BSO counteracts GSH synthesis promoted by either drug-carried 

NAC or Nrf2-regulated cystine uptake. Because the decomposition of 13–12b, antioxidant 

NAC is released either in the culture media or inside the cell. Apparently, NAC did not 

prevent ferroptosis induction. Possible reasons might be: (a) only low μM (e.g., 1–2.5 μM) 

of 13 was used in drug combination. Even fully dissociated extracellularly, the concentration 

is far less than the mM levels of NAC that are commonly used in various antioxidant rescue 

assays; (b) in the intracellular scenario, the full antioxidant potential of NAC relies on its 

conversion to cysteine (via enzymatic deacetylation) which further participates GSH 

synthesis (Rushworth & Megson, 2014). However, in the presence of BSO, NAC cannot 

boost GSH synthesis. Because activated Nrf2 promotes the transcription of SLC7A11 
encoding xCT (the antiporter of cystine and glutamate) and the two subunits of γGCL (i.e., 

GCLC and GCLM) (Okazaki et al., 2020), treating PCa cells with 13 alone may result in 

elevated cystine uptake and the enhanced GSH synthesis. Again, by inhibiting γGCL, BSO 

represses Nrf2-promoted GSH synthesis and ensures effective ferroptosis induction. 

Collectively, the combination of 13 and BSO reveals a pro-ferroptotic role of Nrf2 through 

upregulating HO-1 under GSH-deficient conditions.

Androgen receptor/AR-V are critical drivers of CRPC, however, shutting down/depleting 

AR signaling may not be sufficient for sustained therapeutic outcome. For instance, ADT 

and/or Enz provoke the overexpression of antiapoptotic proteins (Li et al., 2018; Pilling & 

Hwang, 2019), such as Bcl-2, Bcl-xL, and Mcl-1 that mediate apoptosis evasion and are 

associated with therapy resistance and disease progression. AR antagonism also enriches the 

AR-negative/low-AR (AR−/lo) CRPC cells (Li et al., 2018) which are well positioned to 

escape from AR/AR-V-targeted therapy. From this point of view, inducing ferroptosis using 

the combination of ITC-ARi and BSO may provide a solution to overcome the adverse 
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prognostic factors associated with AR-centered treatments. Further examining ITC-ARi plus 

BSO in relevant models, for example, in AR−/lo CRPC cells, is required to clarify if the 

novel concept described in this work is feasible for targeting AR heterogeneity in CRPC.

In summary, we have designed ITC-ARi 13 by incorporating ITC into an AR ligand 

scaffold. The sulfhydryl reactivity of ITC is transiently masked as NAC conjugate which 

gradually releases parental ITC in aqueous solution. 13 is a single-molecule pleotropic ARi 

that suppresses AR at multiple levels: for example, directly binding to FL AR and 

downregulating AR/AR-V7 at protein level, which addresses numerous treatment-resistant 

mechanisms of classical ARi. Cellular anti-PCa potency of 13 is significantly enhanced by 

GSH synthesis inhibitor BSO. 13 and BSO cooperatively downregulate AR/AR-V and 

induce ferroptosis in Enz-resistant PCa cells likely through increasing the accessibility of 

13/12b to cellular targets, expanding the availability of free ferrous iron and attenuating 

GSH-centered cellular defense and adaptation. The synergism of 13 and BSO provides a 

mechanistic foundation for further studies on the combination of ITC-ARi and GSH 

synthesis inhibitor as innovative CRPC treatment.
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FIGURE 1. 
Design of ITC-containing AR antagonist. (a) Chemical structures of enzalutamide (Enz), 

sulforaphane (SFN), phenethyl isothiocyanate (PEITC), and ITC-containing AR antagonists 

(ITC-ARi) 12a, 12b, and 13. (b) The predicted interactions of 12b and Enz with AR. 

Homology model was constructed by aligning the agonistic form of AR (PDB: 2AMB) with 

glucocorticoid receptor (GR) antagonistic conformation (PDB: 1NHZ) (Pepe et al., 2013). 

Docked 12b and Enz are colored in magenta and green, respectively. AR residues involved 

in drug interactions are depicted as yellow sticks. Dashed lines indicate hydrogen bonds
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FIGURE 2. 
N-acetyl cysteine conjugate 13 releases ITC-ARi 12b in aqueous solution. 13 (50 μM) was 

dissolved in PBS buffer (pH 7.4, 5% acetonitrile) and incubated at 37°C. Aliquots (10 μl) 

were taken at indicated time points and analyzed using high-performance liquid 

chromatography
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FIGURE 3. 
Isothiocyanate-ARi hybrid drugs reduce viability of PCa cells. (a) VCaP cells were treated 

with indicated compounds at various concentrations for 72 hr. Data were plotted as means ± 

SEM (n = 6–8). (b) 22Rv1, C4–2, and VCaP cells were treated with indicated compounds at 

5 μM for 72 hr. Data represent mean ± SD (n = 6–8). Cell viability was measured using 

MTT assay. *p < .05; ****p < .0001. P-NAC, NAC conjugate of PEITC
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FIGURE 4. 
13 induces AR antagonism in PCa cells. (a) 13 inhibits DHT (1 nM)-stimulated AR 

transcriptional activity in MDA-kb2 cells. Cells were cultured in Leibovitz’s/L15 medium 

supplemented with charcoal-stripped FBS (10%) and were treated with drugs and DHT at 

indicated concentrations for 24 hr. Data reflect mean ± SD (n = 4). (b) C4–2 cells were 

cultured in RPMI-1640 medium supplemented with charcoal-stripped FBS (10%) and were 

treated with Enz and 13 at 2.5 and 5 μM in the presence of DHT (1 nM) for 6 days. Medium 

and drugs were refreshed every 2 days. Bars represent mean ± SD (n = 6–8). ***p < .001; 

****p < .0001. (c) 13 downregulates FL AR and AR-V7. VCaP cells were treated with 13, 

12b, SFN, Enz, and SAHA at indicated concentrations for 16 hr. Whole-cell lysates were 

subjected to Western blotting and probed with the indicated antibodies. (d) VCaP cells were 

treated with 13 (10 μM) for indicated time. AR, AR-V7, Hsp70, and HO-1 were analyzed 

using Western blotting and densitometry. (e) 13 reduces the stability of FL AR and AR-V7. 

VCaP cells were treated with cycloheximide (CHX, 25 μg/ml) in the absence or presence of 

13 (10 μM). AR and AR-V7 proteins were analyzed using Western blotting and 

densitometry at indicated time points (2, 4, 8, 16 hr). (f) 13 downregulates transcription 

factors Sp1 and c-Myc. VCaP cells were treated with 13 at 5 or 10 μM for 24 hr. Sp1 and c-

Myc proteins were analyzed using Western blotting. Representative images of Western 

blotting analysis are shown in c, d, and f. Relative expression levels normalized against 

GAPDH are indicated under blots. Veh, Vehicle; GAPDH, glyceraldehyde 3-phosphate 

dehydrogenase
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FIGURE 5. 
Buthionine sulfoximine (BSO) improves anti-PCa activities of 13. Combinatorial treatments 

were conducted by pretreating cells with BSO for 16 hr, followed by drugs (13, 11b or 

PEITC-NAC) for 24 hr at indicated concentrations. Viability was measured using MTT 

assay (n = 6–8) in a, c, and d, data reflect mean ± SD. (a) 13 (1–5 μM) plus BSO (2.5–10 

μM) synergistically reduced viability of VCaP cells and 22Rv-1 cells. (b) 13 (1 μM in 

22Rv1; 2.5 μM in C4–2) plus BSO (5 μM) combination effectively inhibits colony formation 

of C4–2 and 22Rv1 cells (1,000 cell/well). Cells were treated for 24 hr and then were grown 

in drug-free media. (c) Non-cancerous RWPE-1 cells are much less affected by drug 

combination. (d) 13 is a better “carrier” of ITC. (e) 13 plus BSO effectively downregulates 

AR or AR-V7 and upregulates HO-1 and Hsp70. VCaP or 22Rv-1 cells were pretreated with 
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BSO (100 μM) for 6 hr followed by 13 (2.5 μM) co-treatment for 16 hr. Indicated proteins 

and GAPDH (loading control) were analyzed using Western blotting. Representative images 

are shown. P-NAC, PEITC-NAC
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FIGURE 6. 
13 and buthionine sulfoximine (BSO) combination induces ferroptosis in PCa cells. (a) 13 
plus BSO-caused viability suppression is rescued by antioxidants, iron chelator, and HO-1 

inhibitor. VCaP or 22Rv1 cells were treated with 13 (VCaP, 2.5 μM; 22Rv1, 5 μM), DFO 

(100 μM), α-Tocopherol (α-Toc, 100 μM), ferrostatin-1 (Fer-1, 0.5 μM), or ZnPP (3 μM) 

individually or in combination for 24 hr. BSO (100 μM) was added 16 hr prior to other 

agents. Values stand for mean ± SD (n = 6–8). ****p < .0001. (b, c) Exogenous iron 

enhances the potency of 13 plus BSO. VCaP cells were treated with 13 (1 μM), BSO (100 

μM), and FAC (25 μM) individually or in combination for 24 hr. BSO was added 16 hr prior 

to other agents (b). Values stand for mean ± SD (n = 6–8), ****p < .0001. Similarly, C4–2 

cells were treated by 13 (0.6–5 μM) or its combination with BSO (100 μM) and FAC (25 

μM). BSO was added 16 hr prior to other agents (c). Data were plotted as mean ± SD (n = 

6–8). Viability was assessed using MTT assay. FAC, ferric ammonium citrate. (d) 

Combination of 13 and BSO increased lipid peroxidation in VCaP cells. Cells were 

incubated with CH (100 μM, positive control) for 2 hr, BSO (100 μM) or 13 (2.5 μM) for 24 
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hr. Combinatorial treatments were conducted by pretreating cells with BSO for 16 hr, 

followed by 13 for 24 hr. Lipid peroxidation was characterized as the ratio (left) of 

fluorescence emission at 510 nm and 590 nm using BODIPY-C11 fluorescent reporter. Data 

were plotted as mean ± SD (n = 5), *p < .05, **p < .01 versus 13 and BSO combination. 

Fluorescence images of the treated cells were shown on the right. Cell nuclei were stained 

with Hoechst 33342 in blue. Scale bar, 25 μm
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FIGURE 7. 
Isothiocyanate (ITC)-ARi and BSO cooperatively induce ferroptosis and downregulates 

AR/AR-V in PCa cells. BSO-induced GSH deficiency enhances the anti-PCa activities of 

ITC-ARi and attenuates GSH-centered cellular defense
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SCHEME 1. 
Synthesis of isothiocyanate (ITC)-containing AR antagonists 12a, 12b, and NAC conjugate 

13. Reagents and conditions: (a) CuI, Pd(PPh3)2Cl2, TEA, CH3CN, r.t., 2 hr; (b) DIPEA, 

MOMBr, THF, r.t., 6 hr; (c) H2, Pd/C, r.t., overnight. (d) NaOAc, EtOH, reflux, 10 days; (e) 

DMSO, 80°C, overnight; (f) HCl, MeOH, 3 hr; (g) TEA, MsCl, DCM, r.t., 30 min; (h) 

NaN3, DMF, r.t., 6 hr; (i) 1. PPh3, THF, reflux, overnight; 2.CS2, THF, reflux, 5 hr; (j) NAC, 

NaHCO3, acetonitrile, 45°C, overnight
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