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ABSTRACT. Stabilization of the G-quadruplexes (G4s) within the androgen receptor (AR) gene 

promoter to block transcription may represent an innovative approach to interfere with aberrant 

AR signaling in castration resistant prostate cancer (CRPC). A library of differently functionalized 

naphthalene diimides (NDIs) was screened for their ability to stabilize AR G4s: the core-extended 
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NDI (7) stood out as the most promising ligand. AR-positive cells were remarkably sensitive to 7 

in comparison to AR-negative CRCP or normal prostate epithelial cells; 7 induced remarkable 

impairment of AR mRNA and protein amounts and significant perturbations in the expression 

levels of KLK3 and of genes involved in the activation of AR program via feedback mechanisms. 

Moreover, 7 synergistically interacted with Enzalutamide, an inhibitor of AR signaling used in 

second-line therapies. Overall, our data show that stabilization of AR G4s may represent an 

alternative treatment options for CRPC and other malignancies relying on aberrant androgen 

signaling. 

 

INTRODUCTION. Prostate cancer (PCa) is one of the most commonly diagnosed cancers among 

men in Western countries and the second leading cause of cancer-related death.1 Despite local 

treatments (i.e., radical prostatectomy, external radiotherapy and brachytherapy) are successful for 

disease eradication, approximately 20-35% of patients with localized/locally-advanced PCa 

experience disease relapse (i.e., biochemical failure) with or without evidence of metastases.2,3 

The androgen deprivation therapy (ADT), which is based on surgical or chemical castration,2 

has been established as the standard of care systemic therapy for patients with recurrent, 

progressive or metastatic androgen-sensitive disease after local treatment.4 However, though ADT 

provides good disease control, castration-resistant prostate cancer (CRPC) nearly invariably 

develops, eventually leading to the lethal form of the disease referred to as metastatic castration 

resistant PCa (mCRPC).3 Although curative treatments for mCRPC are not available yet, different 

therapeutic options have been established for CRPC patients, such as taxane-based (docetaxel, 

cabazitaxel) chemotherapy, immunotherapy (sipuleucel-T) and bone-targeting radiotherapy 

(radium-223).5 Moreover, it is indisputable today that CRPC is not an androgen-
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independent/hormone-refractory disease state,1,2 as it continues to be dependent on androgen 

receptor (AR) signaling via multiple mechanisms.1,2 This evidence has provided the rationale for 

the implementation of second-generation agents for ADT-based interventions, among which 

Enzalutamide (an AR receptor inhibitor) and Abiraterone acetate (an inhibitor of androgen 

biogenesis) have been approved for the treatment of mCRPC.1,2 However, resistance mechanisms 

relying on the maintenance of the AR signaling, which include AR gene amplification, point 

mutations, expression of constitutively active AR splice variants and altered intratumoral androgen 

synthesis,1,2 have been documented also for these second-generation therapeutic agents.1 

As a consequence, improving our understanding of the biological bases of the castration resistant 

phenotype and the development of novel therapeutic interventions to counteract AR resistance are 

main issues that urgently warrant to be addressed. In this context, it has been proposed that the 

interference with AR gene transcription would represent a suitable approach to overcome the 

resistance mechanisms based on aberrant AR signaling.6 

G-quadruplexes (G4s) are non-canonical nucleic acids secondary structures that may form in 

single-stranded G-rich sequences under physiological conditions.7 The quadruplex basic structure 

is the G-quartet and consists of four guanines held together via Hoogsteen-type hydrogen bonds 

base-pairing. Two or more quartets stack on top of each other to form the G4. The presence of K+ 

cations specifically supports G4 formation and stability. G4s are highly polymorphic, in terms of 

strand stoichiometry (forming both inter- and intramolecular structures), strand 

orientation/topology and loop sequence, length and position.8 G4s have been shown in humans 

and other eukaryotes,9,10 in prokaryotes11–16 and in viruses.17–19 From a functional point of view, 

G4s in eukaryotes have been reported to be involved in key regulatory and pathological roles, 

including transcriptional modulation of gene promoters and enhancers, telomere extension and 



 4 

maintenance, translation, chromatin epigenetic regulation, DNA recombination.18,20–24 In vivo 

formation of G4s has been consolidated by the development of G4 specific antibodies25,26 and the 

discovery of cellular proteins that specifically process G4s.27–29 

In this context, a G4 forming sequence (Figure 1A) has been identified and characterized within 

the AR gene promoter,6 thus suggesting that binding and stabilization of such G4 structure by 

specific ligands may represent an alternative approach to available therapeutic options for 

interfering with aberrant androgen signaling in CRPC.6,30 

G4 binders and stabilizers are often characterized by aromatic cores with protonable side chains, 

and include acridines,31,32 porphyrins,31 fluoroquinolones,33 anthraquinones, phenanthrolines, 

quinacridines, carbazoles, bis-indole carboxamides, triazoles, benzimidazoles,34 pyridostatin,35 

naphthalene diimides (NDIs)36–42 and natural compound derivatives, such as berberines,43 

telomestatin44 and quindolines.45 Among them, NDIs form an entire library of G4 ligands due to 

flexible synthetic protocols, which allow the introduction of four different side chains on the NDI 

core. Such a structural diversification can be exploited for a chemical conjugation strategy, which 

is useful to implement binding affinity, solubility, and cellular uptake. Moreover, the extension of 

the NDI core offers an opportunity to enhance both G4 binding potency and selectivity. In fact, 

core-extended NDIs (c-exNDIs) are potent G4 binders displaying anti-HIV-1 activity due to their 

ability to bind viral G4s with high affinity.41  

In the present investigation, we have explored the possibility to block AR transcription by 

stabilizing the G4s within the AR promoter. We preliminarily screened a small library of 

functionalized NDI derivatives as AR-G4 ligands by Fluorescence Resonance Energy Transfer 

(FRET). The binding of the most promising ligand was further investigated through biochemical 

and biophysical assays. Moreover, the NDI derivative caused a remarkable decrease in the 
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expression level of both AR mRNA and protein amounts in CRPC cells, and modulated the 

expression of genes reported to be regulated by AR and involved in key biological processes. 

Overall, our data provided the rationale for the future development of alternative treatment for 

CRPC, based on G4 recognition and stabilization. 

 

RESULTS.  

Chemistry. We have selected four different types of NDI derivatives from our in-house library: 

a) four di- and tricationic substituted NDIs (1-3 and 5), b) a monocationic tetra-substituted NDI 

(4), c) two core extended NDIs (6,7) and d) two novel polycationic NDI-dyads (8,9). The aim was 

to evaluate the effects of the extension of the aromatic core, oxidation state and the presence of 

dimeric binding units on G4 binding and toxicity, keeping similar side-chain length and the 

identical solubilizing terminal moiety (NHMe2
+). NDIs 1-7 have been previously synthesized and 

characterized.38,39,41,46–49 NDI-dyads 8 and 9 are novel ligands and they have been prepared 

according to the synthetic protocol outlined in Scheme 1. In detail, we used the same synthetic 

protocol for both NDIs 11 and 12, using 1,4-diaminobutane and 1,7-diaminoheptane, respectively, 

as amines for the nucleophilic aromatic substitution. The latter step was optimized in order to 

achieve the dehalogenated ligands in a one-pot synthesis, yielding both 8 and 9 as major products. 

Screening of G4-binding NDIs by FRET melting assay and SPR analysis. We evaluated 

NDIs 1-9 (Figure 1B) for their ability to bind the G4s forming in the minimal promoter sequence 

of AR.6 Considering that multiple G4s may form in this region (Figure 1A), the least polymorphic 

G4 (i.e. AR3)6 and the full-length G4 forming sequence (i.e. AR1) were used in FRET melting 

assay, which allows assessing G4 stabilization upon compounds binding. The fluorophore end-

labeled AR3 sequence displayed a melting temperature T1/2 of 54.5 ± 0.4 °C in the absence of any 
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NDIs, while labeled AR1 showed a T1/2 of 69.9 ± 0.1 °C. In the presence of c-exNDI 7 (Figure 

1B), T1/2 increased by 31.0 ± 0.9 °C and 20.5 ± 0.7 °C, respectively ( Figure S1A and C, Table 1), 

making c-exNDI 7 the best AR G4 stabilizing compound. The NDI-dyads (8, 9; Figure 1B) 

displayed also very good stabilization properties (AR3 ΔT1/2 17.0-19.7 °C, AR1 ΔT1/2 8.3-11.3 °C, 

Figure S1A and C, Table 1), while tri-substituted NDIs, (1-3 and 5; Figure 1B) presenting side 

chains with terminal NMe2 moieties, were less effective stabilizers (AR3 ΔT1/2 9.0-13.0 °C, AR1 

ΔT1/2 4.5-11.0 °C, Figure S1A and C, Table 1). The c-exNDI derivative (6; Figure 1B) lacking the 

fourth condensed benzene ring showed even lower stabilization (AR3 ΔT1/2 6.0 ± 0.8 °C, AR1 

ΔT1/2 3.6 ± 0.3 °C, Figure S1A and C, Table 1), whereas the tetra-substituted NDI (4; Figure 1B) 

was unable to stabilize AR G4s (Figure S1A and C, Table 1), likely due to lack of planar 

geometry.48 To check NDI selectivity for G4 vs. duplex, FRET analysis was also performed on 

dsDNA (Figure S1E, Table 1). All NDI derivatives, with except to 1, were basically devoid of 

stabilizing effect on dsDNA. For compound 7, ΔTm were also calculated as the minimum of the 

first derivative curve, and results were in line with ΔT1/2.. 

Surface plasmon resonance (SPR) analysis was next used to measure the compounds’ binding 

affinity to the AR1 sequence. Data were fitted using the Affinity – Steady State model and are 

reported in Table 2. Compound 7 was confirmed to be the best binder among the series, with a KD 

for AR1 G4 of 17.9 ± 2.0 nM, while a single stranded DNA made of a scrambled sequence of the 

same length of AR1 in which five guanines were mutated to thymines (Table S1) was bound less 

efficiently (KD 195.7 ± 18.0 nM, Figure 2).  

 

Assessment of the biological activity of NDIs in CRPC cells. The biological activity of NDI 

derivatives was preliminarily evaluated on a panel of CRPC cells, which included the 22Rv1 cell 
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line, derived from a primary PCa that was xenografted and serially propagated in mice after 

castration-induced regression and relapse of the parental, androgen-dependent CWR22 

xenograft,50,51 as well as DU145 and PC-3 cell lines derived from a PCa brain and bone metastasis, 

respectively.50,51 Of note, though the three cell lines show a castration-resistant phenotype,1 22Rv1 

cells retain AR transcription and are characterized by the H875Y point mutation within the ligand-

binding domain of the full length AR (AR-FL, Table 3), as well as by the expression of at least 

two AR variants (AR-Vs, Table 3), one that originates by the duplication of exon 3 and the other 

that is a C-terminally truncated, constitutively active form of the receptor.50,51 Conversely, DU145 

and PC-3 cells are characterized by loss of AR expression (Table 3).1,51 In addition, the hormone 

naïve LNCaP cell line, bearing the T877A point mutation in the AR gene51 and the non-

tumorigenic, SV40-immortalised AR-negative normal adult prostatic epithelial PNT1A cells52,53 

were also included (Table 3). 

Exposure of cells to increasing concentrations (0.0001-10 μM) of tested compounds resulted in 

a cytotoxic effect, with IC50 values (i.e., concentration of ligand leading to 50% inhibition of cell 

viability calculated from the dose-response curves) ranging from micromolar to nanomolar range 

(Table 3). In particular, amongst the tested derivatives, 2 and 7 exerted a marked cytotoxic activity 

across the tested cell lines compared to the other compounds belonging to the series (Table 3). 

However, 7 resulted to be more active than compound 2 (Figure S2A), which was previously 

characterized as a good telomeric and promoter G4 binder in several cancer cell models47,48. In 

fact, despite both compounds had a similar cytotoxic effect on PNT1A normal prostate epithelial 

cells (Table 3 and Figure S2A), the ratio between the IC50s revealed a 4-10-fold higher activity of 

7 with respect to 2 in PCa cells, hence defining a good therapeutic window. Moreover, compound 

7 exerted a remarkable cytotoxic activity in 22Rv1 cells (Table 3) that are castration resistant as a 
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consequence of the persistent activation of the AR signaling due to the expression of constitutively 

active variants of AR50,51. Of note, such a superior cytotoxic effect of 7 was not ascribable to 

differences in cellular uptake among normal or PCa cells, as evidenced by the assessment of drug 

internalization using fluorescence microscopy (Figure S2B). In addition, the exposure of 22Rv1 

cells to compound 7 resulted in a marked reduction of AR-FL and AR-Vs protein amounts with 

respect to cells exposed to an equitoxic amount of compound 2 (Figure S2C).  

 

Derivative 7 inhibits AR gene transcription and efficiently binds and stabilizes AR G4. The 

superior activity of 7 observed in the AR-positive CRPC cells, both in terms of inhibition of cell 

viability and impairment of AR protein amounts, prompted us to investigate the impact of 7 on 

AR expression at transcriptional and translational level. Specifically, real-time RT-PCR 

assessment of AR transcript revealed that, despite time-dependent fluctuations in the basal 

expression of AR mRNA were appreciable in cells treated with compound 4 (IC50), which is devoid 

of AR G4 stabilization abilities (Table 1) and was the least active compound across the tested cell 

lines (Table 3 and Figure S2A), a significant reduction of AR mRNA was observed over time in 

22Rv1 cells (Figure 3A) exposed to an equitoxic amount of 7 (IC50). Such an effect was paralleled 

by a remarkable down-regulation of the mRNA of KLK3 (Figure 3A), a chief AR-regulated gene 

encoding for the prostate specific antigen (PSA). Similar results were obtained in the hormone 

naïve, AR-positive LNCaP cell line, though 7-mediated decrease in AR and KLK3 mRNA levels 

was transient, with a major inhibitory effect on the transcription of both genes at 48 h and a partial 

recovery of the mRNA expression levels 24 h later (Figure 3A).  

Furthermore, compared to untreated or 4-treated 22Rv1 cells, 7-mediated inhibition of AR gene 

transcription was accompanied by a marked reduction over time of both AR-FL and AR-Vs protein 
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amounts (Figure 3B, C). Similarly, a significant decrease in AR-FL protein abundance, which was 

paralleled by a marked reduction in PSA levels, was observed in 7- compared to 4-treated or 

untreated LNCaP cells (Figure 3B, C). According to literature data51, no PSA protein was readily 

detectable in 22Rv1 cells (Figure 3B, C). 

Based on these findings, the binding properties of 7 to AR G4s were further investigated. The 

ability of 7 to highly stabilize AR G4s was confirmed by circular dichroism (CD). The unlabeled 

AR3 sequence had a Tm of 78.8 ± 1.7 °C. The discrepancy with the end-labelled AR3 sequence 

measured by FRET is likely due to the presence of the fluorophores at the 5’- and 3’-end of the 

sequence that destabilize G4 folding.54 Compound 7 greatly stabilized AR3 G4 to Tm > 90 °C 

(Figure 4). A similar stabilizing activity (Tm > 90 °C) was obtained with AR1, which had Tm of 

74.9 ± 0.3 °C when not bound to the compound (Figure 4). CD thermal unfolding analysis was 

also performed on the control ssDNA (Table S1) made of a scrambled sequence of the same length 

of AR1 in which five guanines were mutated to thymines. Because the original AR1 sequence is 

so rich in Gs, this oligonucleotide retained the ability to fold into G4, whereas to a lesser extent, 

as shown by the less straightforward G4 signature in the CD spectrum (Figure S3). In addition, a 

double stranded DNA (dsDNA, Table S1), obtained by annealing equimolar amounts of ssDNA 

and its complementary sequence (ssDNA compl, Table S1), was used as control. Upon addition of 

7, a minor stabilization of ssDNA and dsDNA was detected: ΔTm were 4.7 ± 1.5 °C and 2.7 ± 0.1 

°C, respectively. Interestingly, no conformational changes were observed on both control 

oligonucleotides. The observed stabilization is likely due to the electrostatic interactions of 7, 

which is positively charged, with the negatively charged DNA counterpart; however, the fact that 

no conformational changes were observed, indicates no specific sites of interaction of 7 to the 

ssDNA and dsDNA.  
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To check if NDI 7 was able to inhibit polymerase progression at the G4 site, an extended AR1 

sequence was used and the Taq polymerase stop assay was performed. In the absence of the 

compound and in the presence of 10 mM K+, two weak pausing sites were visible. These 

corresponded to G-tracts IV and V (lane 2, Figure 5A), indicating that K+ stimulates G4 folding in 

the extended AR1 template. Upon addition of increasing concentrations of 7, the two stop sites 

augmented in intensity, while the full-length amplification product steadily decreased (lanes 3-5, 

Figure 5A and B). In contrast, 7 had no effect on the control ssDNA template (Table S1) thus 

indicating that the observed polymerase inhibition was G4-dependent (lanes 8-10, Figure 5A). 

 

The exposure of AR-positive CRPC cells to 7 result in perturbations of gene expression 

and in a synergistic pharmacological interaction with Enzalutamide.  

 The analysis of the expression levels of 92 genes commonly associated with the molecular 

mechanisms of cancer development and progression revealed that 16, 18 and 12 genes were 

significantly (P < 0.05) modulated (cut-off: fold-change ≥ |1.5|) in 22Rv1, PC-3 and DU145 cells, 

respectively, upon a 48-h exposure to 7 (IC50) with respect to untreated cells (Figure 6A and Table 

S2). Among these differently expressed genes only 2 (ITGB3, MAX) and 1 (WNT1) genes were 

down- and up-modulated, respectively, in all three cell lines (Figure 6A and Table S2). Strikingly, 

among differently expressed genes in NDI-treated vs. untreated 22Rv1 cells (P < 0.05; cut-off: 

fold-change ≥ |1.5|) showing a trend towards an opposite modulation in AR-negative (PC-3 and 

DU145) cells (Table S2), we found a significant modulation of genes known for being regulated 

by the AR55,56 or that are involved in the activation of AR program via feedback mechanisms57. 

These included factors belonging to the PI3K/AKT/mTOR pathway (i.e., AKT1 and PTEN) and 

the ERBB2/HER2/Neu tyrosin kinase receptor (Figure 6A). Moreover, a remarkable down-
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modulation of genes involved in the G1/S-phase transition during the cell cycle progression (i.e., 

CCND1, CCNE1) was observed along with a transcription program in favor of apoptosis induction, 

as suggested by the up-modulation of the pro-apoptotic BAX gene and the down-modulation of the 

anti-apoptotic BCL-2 gene (Figure 6A and Table S2). Conversely, no major differences in the 

expression levels of MYC (a well renowned and validated G4-regulated gene)58 and JUN, both of 

which acting as upstream regulators of AR transcription6, were found in 22Rv1 compared to PC-

3 and DU145 cells upon exposure to 7 (Table S2). Furthermore, in keeping with the evidence that 

telomerase - the enzyme responsible for the attainment of cancer cell immortality - is positively 

regulated by AR59, we found that NDI-treated 22Rv1 cells were also characterized by a significant 

inhibition of telomerase activity (Figure 6B). 

To explore the possibility that 7 may interact with drugs clinically relevant for CRPC, 22Rv1 

and PC-3 cells were exposed to the compound in combination with Enzalutamide (MDV3100), an 

inhibitor of AR signaling used in second-line ADT for mCRPC.1,2 A marked synergistic interaction 

was observed in 22Rv1 cells treated with Enzalutamide  in combination with compound 7, as 

suggested by the shift of the dose-response curve compared to single agent treatments (Figure 6C) 

and by a combination index (CI, calculated according to Chou & Talaly’s method at a dose 

effecting (ED) 50% and 75% of cell viability) < 1 at both ED50 (0.29 ± 0.02) and ED75 (0.37 ± 

0.03). Moreover, CI-Fa plot clearly shows that the CI was always <0.5 at all tested concentrations 

(Figure 6D), thus indicating a strong synergistic interaction between the two agents. Of note, 7-

treated 22RV1 cells were characterized by a marked reduction in the basal and phosphorylated 

levels of AKT1 as well as of Cyclin D1 protein amounts (Figure 6E), which are determinants for 

the activation of AR program via a feedback mechanism57,60 and for the resistance of PCa cells to 

Enzalutamide,61 respectively. Conversely, PC-3 cells were not sensitized to Enzalutamide in the 
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presence of 7 as evidenced by the dose-response curves (Figure 6D) and by the CI-Fa plot, which 

indicated a remarkable trend toward an antagonistic interaction, with CI values > 1 already at an 

Fa < 0.5 (Figure 6E) and at both ED50 (2.18 ± 0.24) and ED75 (21.1 ± 4.1).  

 

DISCUSSION AND CONCLUSION. The interference with AR signaling by means of ADT 

has represented the first-line treatment for locally advanced or metastatic PCa.62 However, though 

initially effective, ADT does not represent a curative approach as the vast majority of PCa patients 

on ADT undergo disease relapse followed by progression to a castration-resistant disease.63 

Accumulating evidence has indicated that, in spite of castration levels of androgens upon ADT, 

the AR signaling remains active and plays a critical role in CRPC.64 The contribution of AR to the 

development of CRPC was underscored by the pioneer observation that AR gene amplification 

occurred in nearly one third of mCRPC patients but not in matched tumor specimens obtained 

prior ADT.65 Whole genome analyses have recently confirmed this observation thus contributing 

to reinforce the central role of AR signaling pathway in the progression of PCa.64,66 

Mechanisms that may contribute to the reactivation of AR signaling in CRPC include AR gene 

amplification, gain-of-function mutations, expression of constitutively active splicing variants, 

intratumoral androgen synthesis as well as changes in AR post-translational modifications and the 

presence of altered levels of cofactors that interact with and modulate the activity of AR and of its 

downstream targets.64 Overall, these findings indicate that AR still represents a viable target in 

CRPC patients. 

Given that AR-Vs plays a pivotal role in sustaining the castration resistant phenotype63 and that 

no significant somatic mutations within the promoter of AR gene have been reported thus far,6 the 

possibility to interfere with AR gene transcription appears an intriguing approach for the 



 13 

development of novel therapeutic strategies to circumvent the documented, AR signaling-

dependent mechanisms of resistance to castration in CRPC. 

In the present study we pursued an approach to interfere with AR expression in experimental 

models of CRPC based on the rationale that a G4 forming sequence has been characterized in the 

AR promoter, which can be targeted by specific ligands, with consequent downregulation of 

transcription.6 

In order to identify molecules that bind and stabilize the AR G4s, a FRET melting screen on a 

NDI-based small library was performed on the least polymorphic AR G4, i.e. AR3, and on the full 

length-sequence, i.e. AR1, and SPR analysis was employed to calculate KD values. In particular, 

the monocationic tetra-substituted NDI, 4, was unable to stabilize both AR G4s, because of lack 

of planar geometry. Di- and tricationic substituted NDIs, 1-3 and 5, were mild stabilizer, while 

polycationic NDI-dyads , 8 and 9, displayed very good binding properties. The most promising 

derivate was compound 7, which highly increased the stability of both AR1 and AR3 

oligonucleotides, as assessed by FRET analysis. In addition, SPR data indicated high binding 

affinity of 7 to AR1 G4 (KD value in the low nanomolar range). This is consistent with the fact 

that 7 is a c-exNDI, characterized by a flat aromatic surface larger than that of the NDI core. This 

feature improves π-stacking interaction, thus implementing binding and affinity to the G4.41  

Stabilization of AR G4s by 7 was also corroborated by CD thermal unfolding analysis and Taq 

polymerase stop assay. Interestingly 6, the other core-extended NDI, lacking the fourth condensed 

benzene, reported extremely reduce activity, highlighting the crucial role of that benzene ring in 

stabilizing the AR G4s. 

At the cellular level, 7 exerted a greater cytotoxic effect in AR-positive than in AR-negative CRPC 

cells. Of note, the up-regulation of constitutively active AR-Vs has been implicated in AR-driven 
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tumor progression in CRPC.57 In this context, as 22Rv1 cells express both AR-FL and AR-Vs, 

which in turn are remarkably down-regulated at mRNA and protein level upon NDI exposure, the 

superior antiproliferative activity observed in these cells compared to CRPC cells (e.g., DU145 

and PC-3) that do not express the AR at all, could stem from a biological mechanism likely 

reflecting an AR addiction.57 

Compound 7 was able to cause a marked decrease not only in the expression levels of AR but also 

of its main downstream regulated gene KLK3 (PSA). In addition, transcriptomic analyses carried 

out in AR-positive vs. AR-negative cells after NDI exposure revealed remarkable changes also in 

the expression levels of genes known for their role in the onset and progression of cancer. In 

particular, we found a marked down-regulation of genes involved in different aspect of tumor cell 

biology, including cell cycle regulators (CCND1, CCNE1, CDK4, CDKN2A), apoptosis inhibitors 

(BCL2) and factors involved in Ras-MAP kinase signaling pathway (KRAS). Of note, a remarkable 

down-modulation in the expression of genes involved in signaling pathways (e.g., 

PI3K/AKT/mTOR and tyrosin kinase receptors) responsible for the persistent activation of AR 

program via feedback mechanisms57 was also observed, among which we found AKT1 and 

ERBB2.57 

It has been reported that the levels of AKT1 mRNA and protein were significantly less in PCa 

cells transfected with a short hairpin RNA (shRNA) directed against AR3 than those in cells treated 

with a shRNA specific for the AR full length.55 This evidence would suggest that the 

serine/threonine kinase AKT1 seems to be preferentially regulated by AR-Vs, as those expressed 

by 22Rv1 cells.55,67  

In addition, we found that PTEN was up-regulated in 22Rv1 cells following the exposure to 7. 

This evidence, along with the observed decrease in AKT1 mRNA levels and in the amounts of 
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basal and phoshorylated protein, suggests that exposure of 22Rv1 cells to NDI resulted in the 

shutdown of the PI3K/AKT/mTOR signaling pathway. Whether such an event is attributable to a 

direct or indirect effect of the NDI, via AR down-regulation, needs to be further investigated. 

Nonetheless, it is well documented that the deregulation of the AR acts concertedly with the 

aberrant activation of the PI3K/AKT/mTOR signaling axis in the progression towards the 

resistance to castration of PCa60 as well as that the inhibition of AR or PI3K/AKT/mTOR alone 

results in a reciprocal feedback activation, thus contributing to the acquisition of ADT resistance.68  

In this context, we observed that treatment of PCa cells with 7 in combination with the AR 

antagonist Enzalutamide resulted in a remarkable synergistic interaction in 22Rv1 but not in PC-

3 cells. Importantly, 7-treated 22Rv1 cells were characterized by a marked reduction in AR protein 

amounts (both AR-FL and AR-Vs), increased expression levels of PTEN and reduced AKT1 

protein abundance. Conversely, PC-3 cells do not express AR or AR-Vs, lack PTEN expression 

and, upon exposure to NDI, are not characterized by a significant down-modulation of AKT1 

(Figure 6E). 

In keeping with these observations is the evidence that the exposure of PCa cells to Enzalutamide 

or Abiraterone acetate results in increased expression levels of AR-Vs but not of AR-full length,56 

suggesting that the adaptive shift towards the AR-Vs may contribute to the resistance of CRPC to 

second-generation drugs used in the ADT, as well as that a PCa subline selected in vitro for the 

resistance to Enzalutamide was characterized by decreased expression of AR and increased AKT 

activity.68 

Moreover, it has been recently reported that Enzalutamide synergistically interacts with different 

pharmacological inhibitors of the PI3K/AKT/mTOR pathway, including BKM120, TKI258 and 

RAD001 in CRPC cells,60 thus indicating that the concomitant inhibition of the AR and 
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PI3K/AKT/mTOR signaling pathway (as observed in NDI-treated 22Rv1 cells) may contribute to 

enhance the response of CRPC cells to AR signaling inhibitors. 

In addition, we observed that exposure of 22Rv1 cells to 7 resulted in a remarkable down-

modulation of CCND1 and CCNE1 and in the up-modulation of the pro-apoptotic gene BAX as 

well as that Enzalutamide act synergistically with 7 in 22Rv1 cells but not in PC-3 cells, where the 

compound induced the down-modulation of BAX and did not significantly affect the expression 

levels of the cell cycle regulators (Table S2 and Figure 6E). In keeping with our findings is the 

evidence that dihydrotestosterone-like compounds may enhance progression of PCa by increasing 

the transcriptional levels of cyclin D1 and E and reducing the expression levels of BAX.69 In 

addition, it has been reported that CCND1 is markedly up-regulated in circulating tumor cells from 

abiraterone/enzalutamide unresponsive vs. responsive PCa patients61 as well as that RNAi-

mediated depletion of CCND1 in ADT-resistant PCa cells results in the enhancement of 

Enzalutamide activity, thus indicating the Cyclin D is a determinant of the resistance of CRPC 

cells to ADT.61 

In conclusion, although the effects of the tested NDI may not be limited to the repression of AR 

transcriptional activity but could involve additional G4 targets70 our findings provide the rationale 

for the future development of alternative “third-line ADT” for CRPC. Moreover, as AR signaling 

plays a pivotal role in the development and progression of different malignancies, G4-based AR 

inhibitors could be also used in the future to treat other tumor types, including hormone-responsive 

cancer (e.g., breast cancer) as well as “non-hormonally” driven tumors, such as pancreatic cancer 

and hepatocellular carcinomas.62 

 

EXPERIMENTAL SECTION 
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Materials and General Procedures. Reagents, oligonucleotides (TableS1), solvents and 

chemicals were purchased from Sigma-Aldrich (Milan, Italy) or TCI (Milan, Italy) and were used 

as supplied without further purification. HPLC analysis and purifications were performed using 

two different HPLC: Agilent system 1260 infinity, a Diode array detector and Fraction Collector 

III (for preparative) and an Agilent system SERIES 1260 (for analytical). The analytical column 

was XSelect HSS C18 2.5 μm (150 x 4.6 mm) (Waters, Milan, Italy). The preparative column was 

XSelect CSH Prep c18 5μm (150 x 30 mm) (Waters, Milan, Italy). Flows were 1.4 mL/min for 

analytical and 30 mL/min for preparative. For the analytical analysis were used the following 

method A: (Aqueous solvent: 0.1% trifluoroacetic acid in water; Organic solvent: Acetonitrile); 

Method A= 1.4 mL/min, Isocratic flow over 2 min 95% of aqueous solvent; gradient: 95% 

aqueous, gradually to 40% aqueous over 12 min and at the end an isocratic flow over 4 min. For 

the preparative purification was used the following method B: (Aqueous solvent: 0.1% 

trifluoroacetic acid in water; Organic solvent: Acetonitrile); Method B= 30 mL/min, Isocratic flow 

over 4 min 95% of aqueous solvent; gradient: 95% aqueous, gradually to 70% aqueous over 16 

min and at the end an isocratic flow over 4 min). All the compounds purified have been tested in 

analytical HPLC (Method A) in order to determine their purity (≥95%).  1H-, 13C-NMR spectra 

were recorded on a Bruker ADVANCE 300 MHz spectrometer. 

Synthesis and characterization. Synthesis of NDI 11: Reactant 10 (0.5 mmol) was dissolved 

into 40 mL of acetonitrile in a round bottom flask together with 1.5 mmol of 1,4-diaminobutane, 

the mixture was stirred at 75 °C for 4.5 h under argon. The resulting red solution was concentrated 

under vacuum and a red solid was obtained. The crude product was analysed by HPLC 

chromatography, (CH3CN:H2O 0.1%TFA) according to analytical method A and purified 

according to preparative method B, afforded the NDI 11 (yield 80%). 
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NDI: 11·3CF3COOH: Red solid; m.p. dec. > 200 °C. 1H-NMR (300 MHz, D2O): 8.0.7 (d, J=8.0, 

2H), 7.84 (d, J=8.0, 2H), 7.63 (s, 2H), 4.05-3.97 (m, 4H), 3.45 (bs, 2H), 3.20-3.11 (m, 4H), 3.02 

(bs, 2H), 2.83 (s, 12H); 2.10-1.97 (m, 4H); 1.78 (bs, 4H). 13C-NMR (75 MHz, D2O): 168.6; 167.1; 

166.8; 166.5; 155.1; 134.1; 131.7; 130.0; 128.3; 127.4; 125.2; 123.2; 121.6; 101.7; 58.6; 58.5; 

46.1; 45.6; 42.4; 41.1; 40.4; 29.1; 27.7; 26.1. Elemental analysis calcd (%) for C34H41F9N6O10: C, 

47.23; H, 4.78; F, 19.77; N, 9.72; O, 18.50. Found: C, 47.17; H, 4.79; N, 9.71. 

Nucleophilic Aromatic Substitution: the NDI monomer (11 or 12, 0.25 mmol) was dissolved 

into 50 mL of acetonitrile in a round bottom flask together with 0.35 mmol of 10, the mixture was 

stirred at 85 °C for 24 h under argon. The reaction mixture was cooled to room temperature to 

induce the precipitation of the crude product. The solid mixture was diluted in water, with 0.1% 

of TFA and purified by preparative HPLC chromatography, (CH3CN:H2O 0.1%TFA) according 

to preparative method B, obtaining the NDI dyads 8 (yield 51%) and 9 (yield 48%). 

NDI: 8·4CF3COOH: Red solid; m.p. dec. > 200 °C. 1H-NMR (300 MHz, D2O): 8.15 (d, J=7.96, 

2H), 7.87 (d, J=7.96, 2H), 7.75 (s, 2H), 4.08-4.02 (m, 8H), 3.67 (bs, 4H), 3.16 (t, J=7.8, 8H), 2.83 

(s, 24H); 2.08-2.01 (m, 12H). 13C-NMR (75 MHz, D2O): 165.4; 163.7; 163.5; 163.1; 151.8; 130.7; 

128.4; 126.1; 124.7; 124.3; 121.6; 120.4; 118.1; 98.4; 55.0; 42.6; 42.0; 37.4; 36.8; 30.1; 22.7; 22.6. 

Elemental analysis calcd (%) for C60H68F12N10O16: C, 50.99; H, 4.85; F, 16.13; N, 9.91; O, 18.11. 

Found: C, 51.05; H, 4.86; N, 9.93. 

NDI: 9·4CF3COOH: Red solid; m.p. dec. > 200 °C. 1H-NMR (300 MHz, D2O): 8.05-8.02 (m, 

2H), 7.80-7.77 (m, 4H), 4.07 (bs, 8H), 3.50 (bs, 4H), 3.26-3.18 (m, 8H), 2.88 (s, 24H); 2.12-2.05 

(m, 8H); 1.88 (bs, 4H); 1.70 (bs, 6H). 13C-NMR (75 MHz, D2O): 165.2; 163.7;163.4; 163.1; 

151.8; 130.6; 128.3; 126.5; 124.8; 124.0; 121.6; 119.8; 118.0; 98.0; 55.2; 42.7; 37.6; 37.0; 25.5; 
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22.7; 22.6. Elemental analysis calcd (%) for C63H74F12N10O16: C, 51.99; H, 5.13; F, 15.67; N, 9.62; 

O, 17.59. Found: C, 52.02; H, 5.10; N, 9.62. 

Spectroscopic analyses (FRET and CD). For fluorescence melting curves, the 6-

carboxyfluorescein (FAM) 5’-end- and 6-carboxy-tetramethylrhodamine (TAMRA) 3’-end 

labeled oligonucleotides (0.25 μM) (TableS1) were folded in lithium cacodylate buffer (10 mM, 

pH 7.4) and KCl 100 mM by heating at 95 °C for 5 min and gradually cooling to room temperature 

for 4 h. Where indicated, NDI derivates were added at the final concentration of 1 μM and, after 

additional 16 h at room temperature, samples were processed in a LightCycler 480 II (Roche, 

Milan, Italy). Oligonucleotide melting was monitored by observing FAM emission in the 

temperature range of 30-95 °C with 1 °C/min gradient. Melting profiles were normalized as 

previously described,71 setting the initial value to 0 and the finale value to 1, and T1/2 was defined 

as the temperature corresponding to the 0.5 fraction of the normalized fluorescence. For compound 

7, we also calculated Tm, as the minimum of the first derivative curve. 

For CD analysis, oligonucleotides (Table S1) were diluted to a final concentration (4 µM) in 

lithium cacodylate buffer (10 mM, pH 7.4) and KCl 100 mM. Samples were annealed by heating 

at 95 °C for 5 min and were left cooling down at room temperature for 4 h. No temperature 

controller was employed. Where indicated, 7 was added at the final concentration of 16 μM, ad 

samples were incubated at room temperature for additional 16 h. For dsDNA, equimolar amounts 

of ssDNA and its complementary sequence (ssDNA compl, Table S1) were annealed. CD spectra 

were recorded on a Chirascan-Plus (Applied Photophysisics, Leatherhead, United Kingdom) 

equipped with a Peltier temperature controller using a quartz cell of 5 mm optical path length, over 

a wavelength range of 230-320 nm. The reported spectrum of each sample represents the average 

of 2 scans at 20 °C and it is baseline corrected for signal contributions due to the buffer. Observed 
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ellipticities were converted to mean residue ellipticity (θ) = deg×cm2×dmol−1 (mol. ellip.). For the 

determination of Tm, spectra were recorded over a temperature range of 20-90 °C, with temperature 

increase of 5 °C. Tm values were calculated according to Greenfield.72 

Taq polymerase stop assay. AR Taq primer was 5’-end labeled with [γ-32P]ATP using T4 

polynucleotide kinase (Fermentas, Waltman, Massachusetts, United States) at 37 °C for 30 min. 

The labeled primer (final concentration 72 nM) was annealed to the template (final concentration 

36 nM) (TableS1) in lithium cacodylate buffer (10 mM, pH 7.4) in the presence or absence of KCl 

10 mM by heating at 95 °C for 5 min and gradually cooling to room temperature. Where specified, 

samples were incubated with 7 (12.5-200.0 nM), and primer extension was performed with 2 

U/reaction of AmpliTaq Gold DNA polymerase (Applied Biosystem, Carlsbad, California, United 

States) at 60 °C for 30 min. Reactions were stopped by ethanol precipitation and primer extension 

products were separated on a 16 % denaturing gel, and finally visualized by phosphorimaging 

(Typhoon FLA 9000, GE Healthcare, Milan, Italy). 

Surface Plasmon Resonance (SPR) analysis. SPR was performed on the Biacore T100 

platform (GE Healthcare, Milan, Italy). 5’-biotinylated AR1 oligonucleotide was heated at 95 °C 

for 5 min and cooled down at room temperature to allow G4 folding in the presence of 10 mM 

Lithium Cacodilate and 150 mM KCl; 5’-biotinylated ssDNA was used as non-G4 negative control 

(TableS1). Immobilization was performed in HEPES-KCl running buffer (0.01 M HEPES pH 7.4, 

0.15 M KCl, 3 mM EDTA) on a steptavidin coated surface (SA sensor chip, Biacore, GE 

Healthcare, Milan, Italy). Oligonucleotides were diluted in HEPES-KCl running buffer to a 

concentration of 30 nM and injected to reach the response of around 600 RU. Flow cell 1 was left 

empty to allow reference subtraction. Compounds binding analysis were performed at a flow rate 

of 40 μL/min, with contact time of 260 s and dissociation time of 600 s in HEPES-KCl buffer at 
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40 °C. Sensorgrams were obtained in the concentration range of 0.7-400 nM. After each compound 

injection the chip surface was regenerated twice with glycine 10 mM pH 2.0 solution (GE 

Healthcare, Milan, Italy). All sensorgrams were corrected by buffer injection response. Data were 

fitted to the Affinity – Steady State model using BIAevaluation software (GE Healthcare, Milan, 

Italy), measuring RU response 10 sec before the end of the association phase. All experiments 

were performed independently at least twice, and in each instance χ2 values, which indicate the 

goodness of fitting, were below 5.3. 

Cell lines and culture conditions. Human DU145 (HTB-81™), PC-3 (CRL-1435™), LNCaP 

(CRL-1740TM) and 22Rv1 (CRL-2505™) prostate cancer cell lines were obtained from the 

American Type Culture Collection (ATCC, Rockville, Maryland, United states), whereas the 

human normal prostate cell line (PNT1A) was from Sigma-Aldrich (Milan, Italy). Cells were 

maintained as a monolayer in the logarithmic growth phase in Roswell Park Memorial Institute 

(RPMI)-1640 medium (Lonza Milan S.r.l, Treviglio, Italy) supplemented with 10% fetal calf 

serum at 37 °C in a humidified incubator at 5% CO2. Cells were periodically monitored for DNA 

profile by short tandem repeats analysis using the AmpFISTR Identifiler PCR amplification kit 

(Thermo Fisher Scientific, Monza, Italy). 

Assessment of NDI cytotoxic activity. For the assessment of the cytotoxic activity all the 

compounds were dissolved in dimethylsulfoxide (DMSO), stored at -20 °C and diluted in culture 

medium at the appropriate working concentrations immediately before use. The cytotoxic activity 

of the compounds was assessed after a 48-h of drug exposure by MTS (3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay (CellTiter 96® 

AQueous One Solution Cell Proliferation Assay, Promega Italia, Milan, Italy). Briefly, a suitable 

number of cell/well was seeded at in 96-well plates. After 24 h incubation at 37 °C, 5 % CO2, cells 
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were treated with increasing concentrations (0.0001, 0.001, 0.01, 0.1, 1 and10 μM) of freshly 

diluted NDIs and incubated for 48 h. The number of viable cells was subsequently determined by 

incubating the cells for 4 h at 37 °C in the presence of 20 μL of MTS solution and by recording 

the absorbance at 490 nm, according to the manufacturer’s instruction. The IC50 (concentration of 

ligand leading to 50% inhibition of cell viability) values were calculated from the dose-response 

curves (percentage inhibition of cell viability with respect to cells exposed to solvent (DMSO) as 

a function of the Log10 of NDI concentrations) using GraphPad Prism® 5.01 (GraphPad Software 

Inc., San Diego, California, United States). 

For combination studies, the drugs were combined at fixed ratio in five concentrations (0.001 to 

0.1 μM for 7 and 0.5 to 50 μM for Enzalutamide/MDV3100; Selleckchem, Houston, TX). Cells 

were incubated for 72 h at 37°C, 5% CO2, and the cytotoxic activity subsequently assayed as 

described above. The type of pharmacological interaction was assessed by calculating the 

combination index (CI) at doses effecting 50% and 75% reduction in cell viability (ED50 and ED75, 

respectively), according to Chou and Talalay’s method using the Calcusyn program.73 A CI < 1 

reflects a synergistic interaction; CI = 1 indicates an additive effect; CI > 1 evidences antagonism. 

Gene expression analysis and assessment of telomerase activity. Total RNA was isolated 

from cultured cells using the Qiagen RNeasy Mini kit (Qiagen, Hilden, Germany) and digested 

with 20 U RNase-free DNase. Total RNA (0.5 µg) was randomly primed and reverse transcribed 

using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, 

California, USA). The quantification of AR and KLK3 mRNA expression levels was assessed by 

TaqMan® Assay (Hs00907244_m1 and Hs02576345_m1, respectively; Applied Biosystems, 

Carlsbad, California, United States) using the 7900HT Fast Real-Time PCR System. Data were 

analyzed by SDS 2.2.2 software and, if not otherwise specified, reported as relative quantity (RQ) 
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with respect to untreated cells (calibrator sample), according to the 2^-ΔΔCt method,74 where Ct 

represents the threshold cycle. RNaseP (TaqMan® RNase P Control Reagents) was used as 

housekeeping gene (normalizer sample).  

The expression levels of 92 genes associated with the molecular mechanisms of cancer were 

assessed using TaqMan® Arrays (PN4418806; Applied Biosystems, Carlsbad, California, United 

States). Modulation of gene expression in treated compared to untreated cells was assessed by the 

2-ΔΔCt method, as described above. The average expression levels of 4 housekeeping genes (18S, 

GAPDH, HPRT1 and GUSB) present in each array were used as normalizer.  

Telomerase activity was measured on 1 μg of proteins by the radioactive (32P) telomeric-repeat 

amplification protocol (TRAP) using the TRAPeze kit (Merck S.p.A., Vimodrone, Italy), 

according to the manufacturer’s protocol. Each reaction product was amplified in the presence of 

a 36-bp internal TRAP assay standard. A TSR8 quantification standard (which serves as a standard 

to estimate the amount of product extended by telomerase in a given protein extract) was included 

for each set of TRAP assays. PCR amplification products were then resolved by polyacrylamide 

gel electrophoresis and visualized by autoradiography. Quantitative analysis was performed upon 

densitometric evaluation of the digital image by ImageJ 1.46r. Relative telomerase activity was 

then calculated as reported by Folini et al.75 

 

Western immunoblotting. Total protein extracts were prepared according to standard methods. 

Forty μg of protein extracts were fractioned by SDS-PAGE and transferred onto Hybond 

nitrocellulose filters (RPN 303D, GE Healthcare, Milan, Italy). Filters were blocked in PBS-

Tween 20, 5% skim milk and incubated overnight with the following primary antibodies: rabbit 

polyclonal raised against AR (PG-21, cat # 06-680, Merck S.p.a., Vimodrone, Italy); rabbit 
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monoclonal raised against PSA/KLK3 (D2A8) (#5877, Cell Signaling Technology, Danvers, 

MA); rabbit polyclonal raised against Cyclin D1 (H-295) (sc-753, Santa Cruz Biotechnology, 

Dallas, TX); mouse monoclonal raised against AKT1 (#610861, Becton Dickinson Italia, Milano, 

Italy). Mouse monoclonal anti Vinculin (VCL, V9131, Sigma-Aldrich S.r.l., Milan, Italy) or β-

actin (ACTB) antibody (ab8226, Abcam, Cambridge, United Kingdom) were used to ensure equal 

protein loading. The filters were then probed with secondary peroxidase-linked whole antibodies 

(GE Healthcare, Milan, Italy) and detected by Novex® ECL HRP Chemiluminescent detection 

system (Thermo Fisher Scientific, Monza, Italy). Filters were then subjected to autoradiography, 

scanned (ImageScanner III, GE Healthcare, Milan, Italy) and analysed using ImageJ 1.46r. 
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Figure 1. Target and ligands. (A) Nucleotide sequence of the AR promoter at -116 bases from the 

gene transcription start site. Several G4 conformations may form: G-tracts are in bold, underlined 
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and numbered (I-V). The two sequences that were characterized and investigated (AR1 and AR3) 

are shown. (B) NDI derivatives tested for their binding to AR G4s.  
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Figure 2. SPR analysis of 7 binding toward AR1 G4 (A and B) and ssDNA (C and D). Right 

panels represent data fitting according to the Steady state affinity model. Biosensor data were 

collected at 40 °C; the compound was injected at increasing concentrations (0.7-400 nM).  
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Figure 3. Exposure of AR-positive PCa cells to 7 results in the down-regulation of AR and PSA. 

(A) Real-time RT-PCR analysis of AR and KLK3 mRNA expression levels over time in 4- (black 

bars) and 7-treated (white bars) 22Rv1 and LNCaP cells. Data have been reported as relative 

quantity (RQ) with respect to untreated cells (i.e., solvent (DMSO) exposure) at each time point, 

according to the 2^-ΔΔCt method, and represent mean values ± s.d. (B) Representative western 

immunoblotting showing AR and PSA protein amounts over time in untreated (S: solvent), 4- and 

7-treated 22Rv1 and LNCaP cells. Vinculin (VCL) was used as loading control. Cropped images 

of selected proteins are shown. Full length (AR-FL) and variant (AR-Vs) forms of the androgen 

receptor are indicated. (C) Quantification of AR and PSA proteins Data have been reported as 

relative quantity (AR-FL, AR-Vs and PSA) in 4- and 7-treated vs. untreated (solvent) cells and 

represent mean values ± s.d. from at least three independent experiments. *P < 0.05; **P < 0.01 

(Student’s t-test). 
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Figure 4. Representative CD analysis of AR1 and AR3 G4s (4 μM) at K+ 100 mM in the presence 

of 7 (16 μM) (C and D) or the same amount of DMSO (A and B). CD spectra variation is shown 

as a function of the wavelength; arrows indicate the spectral change from 20 °C to 90 °C. The 
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molar ellipticity of AR1 (E) and AR3 (F) at the peak wavelengths is shown as a function of the 

temperature. Each thermal unfolding analysis was performed twice.  
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Figure 5. (A) Image of a typical Taq polymerase stop assay. The AR1 template was amplified by 

Taq polymerase in the absence (lane 1) and in the presence of 10 mM K+, combined with increasing 
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amounts (12.5, 50 and 200 nM) of 7 (lanes 3-5) or same amount of DMSO as that in the ligand, 

added at the same time as the ligand (lane 2). A template (control) made of a scramble sequence 

of the same length in which five guanines have been mutated to thymines was used as internal 

control (lanes 6-10). Lane P: unreacted labelled primer. Vertical bars indicate G4-specific Taq 

polymerase stop sites: the corresponding sequence and G-tracts are shown aside. (B) 

Quantification of lanes 1-5 shown in panel A. Quantification of stop bands corresponding to G4 

and of the full-length amplification product (FL) is shown. The gel was performed twice to confirm 

quantification results.  
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Figure 6. Effects of NDI 7 in AR-positive CRPC cells. (A) Graphic representation of the number 

of genes significantly (P < 0.05) down- and up-modulated (fold-change ≥ |1.5|) in CRPC cells upon 

a 48-h exposure to NDI (IC50). The graph on the right reports the list of differently expressed genes 

found in 7-treated with respect to untreated (DMSO) 22Rv1 cells and showing a trend towards an 

opposite modulation in AR-negative cells. Expression data have been reported as RQ and represent 

mean values ± s.d. The complete list of tested genes is reported in Table S2. (B) Quantification of 

telomerase activity (see material and methods for details). Data have been reported as relative 
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telomerase activity in 22RV1 cells upon a 48-h exposure to 7 (IC50) represents mean values ± s.d. 

*P < 0.05; **P < 0.02 (Student’s t-test). UNT: Untreated (DMSO) cells. (C) Dose-response curves 

for 22Rv1 and PC-3 cells exposed to 7 (black circles), Enzalutamide (white circles) and 

7:Enzalutamide combination at the indicated concentrations. Data have been reported as the 

fraction affected (Fa) as a function of drug concentrations and represent mean values ± s.d. from 

at least three independent experiments. (D) Combination index (CI)-Fa plot showing the 

distribution of CI as a function of the fraction affected in 22RV1 (black circles) and PC-3 (white 

circles) cells exposed to the combination of 7:Enzalutamide. CI < 1, = 1 (dashed line) and > 1 

indicates synergism, additive effect and antagonisms, respectively (see materials and methods). 

(E) Representative western immunoblotting showing AKT1, phosphoAKT1(S473) and Cyclin D1 

protein amounts in 22Rv1 and PC-3 cells exposed for 48 h to 7 (IC50). Vinculin (VCL) was used 

as loading control. Cropped images of selected proteins are shown. UNT: untreated (DMSO) cells. 

 

 

Scheme 1. Synthesis of intermediates and final water soluble NDI-dyads. 

 
a 1,7-diaminoheptane or 1,4-diaminobutane 2.5 eq., CH3CN, 75 °C, 4.5 h. NDI 11 (yield 80%). 
b NDI 10 1.1 eq., CH3CN, 85 °C, 24 h. NDI dyads 8 (yield 51%) and 9 (yield 48%). 
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Table 1. Stabilization of AR1 and AR3 G4s (0.25 μM) by NDI derivatives (1 μM) measured by 

FRET assay at K+ 100 mM.  

 ΔT1/2 (°C) a 

Compound AR1 G4 AR3 G4 dsDNA 

1 11.0 ± 0.1 13.0 ± 0.8 5.1 ± 0.8 

2 7.2 ± 1.5 10.0 ± 1.4 < 0.1 

3 5.6 ± 0.3 9.0 ± 1.4 < 0.1 

4 0.1 ± 0.1 0.4 ± 1.2 < 0.1 

5 4.5 ± 0.7 9.3 ± 0.9 < 0.1 

6 3.6 ± 0.3 6.0 ± 0.8 < 0.1 

7 20.5 ± 0.7 31.0 ± 0.9 1.0 ± 0.2 

8 11.3 ± 0.6 19.7 ± 0.5 1.9 ± 0.3 

9 8.3 ± 1.0 17.0 ± 1.6 1.0 ± 0.2 

a Variation in the oligonucleotide T1/2 in the presence of the selected compounds. Data are 
reported as mean values ± s.d. from at least three independent experiments. In melting curves with 
a biphasic response, the T1/2 of the second phase was used to calculate the ΔT1/2 value reported in 
the table. 
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Table 2. Steady state affinity of NDI derivatives towards AR1 measured by SPR analysis. Relative 

affinity was calculated as the ratio between KD of compound 7 and KD of the other compounds, 

and expressed as percentage. 

Compound KD (nM) a Relative affinity 

1 41.2 ± 11.0 43% 

2 34.2 ± 9.6 52% 

3 21.4 ± 3.1 84% 

4 ND ND 

5 43.9 ± 11.1 41% 

6 38.3 ± 12.0 47 % 

7 17.9 ± 2.0 100% 

8 92.5 ± 24.1 19% 

9 181.6 ± 34.2 10% 

a Data are reported as mean values ± s.d. from two independent experiments 
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Table 3. IC50s (μM) values obtained after a 48-h exposure of indicated cell lines to NDI 

derivativesa 

 

PNT1A DU145 PC-3 LNCaP 22Rv1 Molecular 
characteristicsb 

AR (mRNA/Protein) ‒/‒ ‒/‒ ‒/‒ +/+ +/+ 

PSA (mRNA/Protein) ‒/‒ ‒/‒ ‒/‒ +/+ +/‒ 

Compound 

1 0.59±0.05 3.88±1.53 6.32±0.34 3.40±0.10 2.43±0.29 

2 0.35±0.04 0.30±0.04 0.32±0.01 0.39±0.16 0.10±0.003 

3 0.13±0.01 0.55±0.09 0.34±0.01 0.59±0.04 0.97±0.02 

4 7.07±2.38 >>10 >10 >>10 7.67±1.15 

5 1.44±0.25 >10 >>10 3.04±0.08 3.69±0.41 

6 1.37±0.25 >>10 >>10 10.33±1.36 >>10 

7 0.28±0.03 0.08±0.01 0.18±0.01 0.14±0.05 0.010±0.001 

8 2.48±0.82 3.39±0.48 10.11±3.09 1.93±0.07 >>10 

9 1.89±0.57 2.19±0.14 >>10 6.56±0.17 3.45±0.16 

aData have been obtained from dose-response curves and reported as mean values ± s.d. from at 

least three independent experiments; 

bLNCaP cells bear the AR full length with the point mutation T877A; 22Rv1 cells bear the AR 

full length with the point mutation H875Y and express constitutively active AR variants; they do 

not express PSA protein (see refs. 1 and 51-54). 
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