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Abstract 
Nucleotide-based drugs, such as antisense oligonucleotides (ASOs), have unique advantages in treating human 

diseases as they provide virtually unlimited ability to target any gene. However, their clinical translation faces 

many challenges, one of which is poor delivery to the target tissue in vivo. This problem is particularly evident in 

solid tumors. Here, we functionalized liposomes with a tumor-homing and -penetrating peptide, iRGD, as a carrier 

of an ASO against androgen receptor (AR) for prostate cancer treatment. The iRGD-liposomes exhibited a high 

loading efficiency of AR-ASO, and an efficient knockdown of AR gene products was achieved in vitro, including 

AR splice variants. In vivo, iRGD-liposomes significantly increased AR-ASO accumulation in the tumor tissue 

and decreased AR expression relative to free ASOs in prostate tumors established as subcutaneous xenografts. 

Similar results were obtained with intra-tibial xenografts modeling metastasis to bones, the predominant site of 

metastasis for prostate cancer. In treatment studies, iRGD-liposomes markedly improved the AR-ASO efficacy 

in suppressing the growth of both subcutaneous xenografts and intra-tibial xenografts. The inhibitory effect on 

tumor growth was also significantly prolonged by the delivery of the AR-ASO in the iRGD-liposomes. Meanwhile, 

iRGD-liposomes did not increase ASO accumulation or toxicity in healthy organs. Overall, we provide here a 

delivery system that can significantly increase ASO accumulation and efficacy in solid tumors. These benefits 

are achieved without significant side effects, providing a way to increase the antitumor efficacy of ASOs. 
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Introduction 
Nucleotide-based drugs, including antisense oligonucleotides (ASOs) and small interfering RNA (siRNAs), have 

recently gained rapid success in their translation into clinical uses [1]. Their biggest advantage lies in almost 

unlimited ability to target any genetically encoded material, especially those that cannot be targeted by other 

types of drugs, such as small molecules and antibodies [1]. This property makes them potentially useful in 

treating diseases with known genetic drivers, such as solid tumors [2]. In the case of prostate cancer, new 

therapeutic approaches are required to overcome drug resistance in the advanced stage [3] and to target bone 

metastasis, which occurs in 90% of lethal prostate cancer [4]. Aberrant expression and activation of androgen 

receptor (AR) has been recognized as the driver of progression of prostate cancer to a castration-resistant, lethal 

form (CRPC). Further, AR splicing variants such as variant 7 (AR-V7) have been shown to promote resistance 

towards small molecule AR antagonists [5,6]. While CRPC is challenging to treat with small-molecule 

therapeutics, AR-ASO has shown good efficacy to achieve knockdown of wild type (WT) AR and AR splicing 

variants, and thus yield an inhibitory effect against CRPC [7].  

ASOs, as well as other nucleotide-based drugs, face several challenges in vivo, including nuclease 

degradation, renal clearance, immune responses, and nonspecific absorption by the vasculature and liver/spleen 

due to negative charges [8]. In solid tumors, additional transport barriers exist such as the vascular wall, 

multilayered stromal and tumor cells, dense extracellular matrix, and high interstitial pressure [9]. All these 

barriers result in poor accessibility of systemically administered ASOs to their target cells in extravascular tumor 

regions, which greatly limits the therapeutic efficacy of ASOs [10]. Additionally, target genes, such as AR, are 

often expressed in healthy tissues as well and have important roles in normal physiological functions [11,12]. 

Therefore, means of delivering ASOs more efficiently into solid tumors in order to avoid adverse effects and 

improve antitumor efficacy are needed. In metastatic cancer, the delivery would also have to include the 

metastatic lesions, such as bone metastases in CRPC, to be effective.  

Liposomes are lipid-based nanoparticles (NPs) which have been widely used for systemic drug delivery. 

Multiple liposomal formulations are currently in clinical use to facilitate the delivery of small molecule drugs and 

siRNAs [13,14] . Liposomes encapsulate the cargo inside a lipid bilayer, which can shield the negative charges 

of a nucleotide and protect it from nucleases. The large size of liposomes also helps prolong the plasma half-life 

of the payload. To increase tumor targeting and accessibility to extravascular targets, we covalently linked a 

tumor-penetrating peptide, iRGD (CRGDK/RGPD/EC) onto the surface of ASO-loaded liposomes [15]. Besides 

selective homing to a variety of solid tumors upon systemic administration, this peptide can bring a coupled cargo, 

ranging from small molecules to NPs, across tumor vessels and deep into extravascular tumor tissue [15]. This 

vascular and tumor penetration property also applies to co-administered payloads that are not coupled to the 

peptide (bystander effect) [16]. The multifunctional iRGD peptide and peptides that share its RGD motif have 

been used in the delivery of liposomes and other nano-sized carriers to improve the drug delivery into various 

solid tumors, including prostate cancer and its bone metastases [17–19]. Given the central role of AR in the 

progression of prostate cancer, we set out here to evaluate the ability of iRGD-liposomes to enhance the delivery 

and efficacy of AR-ASO in mouse models of primary and metastatic prostate cancer.    
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Results  
 
Liposome-ASO synthesis and in vitro validation 
The iRGD-functionalized liposomes were synthesized as previously described with minor modifications (see Fig. 

1A for schematic structure) [20,21]. Briefly, liposomes were made with two types of lipids, including polyethylene 

glycol (PEG) conjugated 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) (PEGylated DSPE) with or 

without iRGD attached to the free end of the PEG chain, and dioleoyl-3-trimethylammonium propane (DOTAP), 

to provide a positive charge to the interior and a charge-neutral surface to aid ASO encapsulation. An ASO 

against AR was acquired from IONIS therapeutics and used in the following studies. Dipalmitoyl 

phosphatidylcholine (DPPC) and cholesterol were added to increase the stability of liposomes and prevent premature 

release of liposome cargo [22,23]. Transmission electron microscopy (TEM) imaging confirmed that liposomes 

carrying AR-ASOs were spherical with a thin hydrated iRGD-PEG outer layer (Fig. 1B). The physicochemical 

properties of liposomes were measured using dynamic light scattering (DLS) (Fig. 1C). The liposomes were 

homogeneous in size with mean hydrodynamic diameters around 150 nm and a polydispersity index (PDI) <0.1 

(Fig. 1C and Supplementary Table 1). The surface charge was negative with a zeta potential of -6.67 mV to -

7.10 mV (Supplementary Table 1). 

An encapsulation efficiency (~8 mg/ml) of AR-ASO was obtained with the liposomes. The knockdown efficacy 

of this liposome-ASO formulation towards AR-FL and AR variants was studied in multiple prostate cell lines, 

including the 22Rv1 cell line, which displays a CRPC phenotype and harbors a structural rearrangement of the 

AR gene that promotes high expression of AR variants [24]. There was a significant knockdown efficiency of the 

liposomal formulation towards both AR-FL and AR variants in 22Rv1 cells and a reduction of AR-FL in LNCaP 

and VCaP cells to that of the standard transfection reagent (Lipofectamine 3000) (Fig. S1).  

 
iRGD-liposomes improve the AR-ASO accumulation in tumors in vivo 
The major barriers for ASO delivery into solid tumors in vivo include low accumulation and vascular/tissue 

penetration in tumors. To overcome these limitations, we used ASO liposomes that incorporate an iRGD surface 

coating. We first optimized various aspects of particles and their use (size, dose, and dosing scheme) using 4T1 

mouse breast tumor model. Two different sizes of iRGD-liposomes were tested and their ASO encapsulation 

efficiency was listed in Supplementary Table S1. After intravenous injection, iRGD-liposomes with a smaller size 

(diameter ~150 nm) achieved a higher amount of ASO accumulation in the tumor than larger iRGD-liposomes 

(Fig. S2 A-B). Based on these findings, we thus chose the 150-nm iRGD-liposome formulation for further studies. 

Varying the dose of ASO loaded in the iRGD-liposomes showed that ASO accumulation in the tumor increased 

in a dose dependent manner (Fig. S2 C-D). Comparison of iRGD-liposomes, non-targeted liposomes, and co-

administration of non-targeted liposomes with free iRGD peptide [25], showed that iRGD-liposomes resulted in 

greater ASO accumulation in the tumor than the other two formulations (Fig. S2 C-D). Finally, we investigated 

ASO accumulation after a longer time of circulation (4 days post injection vs 4 hours). The iRGD-liposome group 

still exhibited the highest spreading and retention of ASOs in the tumor (Fig. S2 E-F). The ASO signals were 
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dispersed across the tumor, rather than confined in the perivascular regions (Fig. S2G). An AR-positive CRPC 

tumor model, 22Rv1 [6] gave similar results (Fig. 1 D-E).  

The biodistribution in healthy organs of ASOs delivered by the different formulations was also investigated at 

different time points after systemic administration. A substantial accumulation of ASOs was observed in the liver 

and kidney, while no or much less in other organs. No differences in healthy organ accumulation were observed 

across different formulations, liposomal sizes, ASO dosages and time points (Fig. S3 A-C). This result suggests 

that iRGD-liposomes mainly improve the ASO accumulation and vascular penetration in the tumor, with minimal 

effects on its accumulation in healthy organs.  

 
Pharmacokinetics and biocompatibility of iRGD-liposome-ASO in vivo 

Pharmacokinetic parameters for the liposomal ASO formulations were calculated using a noncompartmental 

model based on the plasma AR-ASO concentrations (Supplementary Table S2 and Fig. S4A). Compared to free 

ASOs, liposomal formulations improved ASO-bioavailability (F%), the area under the plasma concentration curve 

(AUC), and plasma half-life (T1/2), while iRGD yielded little additional effect. The levels of AR-ASO in plasma 

were low in all groups 24 h after injection. This result suggests that iRGD mainly improves the tumor 

accumulation of liposomal ASOs while having little effect on their pharmacokinetic profile. 

To evaluate whether liposomal formulations increase the toxicity of ASOs, we assessed the in vivo biological 

safety by measuring blood toxicity indicators (liver enzymes aspartate transaminase (AST) and alanine 

transaminase (ALT)) in tumor-bearing mice after injecting the highest dosage of ASOs used in this study. There 

was little difference between liposomal groups and free ASOs in terms of AST/ALT levels (Fig. S4B).   

 
iRGD-liposomes increase the therapeutic efficacy of AR-ASO against subcutaneous prostate cancer 
xenografts 
Using the CRPC induced by transplanting 22Rv1 cells, we tested different ASO dosages and injection frequency. 

Compared to the PBS group, ASO treatment in all groups showed antitumor efficacy of various degrees (Fig. S5 

A-C). iRGD-liposomes, when carrying an equivalent amount of ASOs, exhibited a much stronger inhibitory effect 

towards tumor growth than the free ASO group regardless of injection frequency. Quantification of ASO (Fig. S5 

D) and AR protein expression (Fig. S5 E) in the tumor by immunohistochemistry (IHC) showed a significant 

increase of ASO and reduction in AR protein, which aligns with the tumor treatment results. Lowering the ASO 

amount in the iRGD-liposomes, however, greatly reduced their efficacy (Fig. S5 F and G). The body weight 

remained consistent among all groups during the two-week treatment, further supporting that iRGD-liposomes 

result in little toxicity compared to free ASOs (Fig. S5H). 

To evaluate the contribution of iRGD to liposome efficacy, we compared liposome-ASO and iRGD-liposome-

ASO using the 22Rv1 model. The ASO dose was 50mg/kg and the injections were given every four days. 

Liposomal encapsulation significantly enhanced the ASO ability to suppress tumor growth, and iRGD gave 

further improvement (Fig. 2 A-B, Fig. S6A). IHC staining showed increased ASO staining in the tumor and 

reduced AR expression that paralleled with the increase in antitumor efficacy of the liposomal formulations (Fig. 

2 C-F). TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) assay to assess the apoptosis 
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levels in tumor and healthy tissues showed that iRGD-liposome-ASO induced the highest level of apoptosis in 

the tumor, followed by liposome-ASO and free ASO, while their effect on TUNEL staining  in healthy tissues did 

not differ from the PBS control (Fig. 2G, Fig. S6B). Collectively, these results demonstrate that iRGD-liposomes 

increase the ASO accumulation and suppress AR expression selectively in the tumor, resulting in a higher 

cellular apoptosis and a stronger tumor inhibition. Another prostate tumor model, VCaP, which was initially 

isolated from human bone metastasis with a high FL-AR expression due to AR gene amplification [26], gave 

similar results: iRGD-liposome-ASO exhibited the strongest tumor inhibitory effect based on tumor volume and 

weight (Fig. 2 H-I).  

In addition to the treatment described above, where the mice were sacrificed after two weeks of treatment, 

we also performed a study in which the mice were observed for 4 months after the end of the treatment.  The 

tumor sizes of iRGD-liposome-ASO group remained negligible during the 4-month observation period, whereas 

the tumors in the PBS and free ASO groups reached the endpoint sizes within three weeks (Fig. 3 A-C).   

  
iRGD-liposome-ASO inhibits the growth of prostate cancer bone metastasis  
Bone is the primary metastasis site of prostate cancer. We used a CRPC bone metastasis model by intratibial 

injection of enzalutamide-resistant CWR-R1 cells [27] to study the effect of liposomal ASO delivery on 

metastases. Liposomal ASO formulations significantly increased the ASO accumulation in cancerous bone 

compared to free ASO (Fig. S7 A-B). There was little difference in ASO amounts across these groups in healthy 

bones and control organs (Fig. S7 A, C). In a two-week treatment study, the iRGD-liposome-ASO exhibited the 

highest tumor-inhibitory effect based on tumor weight (Fig. 4 A-B). Based in IHC staining at the end of the 

treatment, iRGD-liposomes had increased the ASO levels in the cancerous bone, but not healthy bone, with 

corresponding suppression of AR expression (Fig. 4 C-F).  

There was no difference in ASO accumulation in healthy organs after two-week treatment between the iRGD-

liposome-ASO and free ASO groups (Fig. S7D). No significant changes in body weight were seen during the 

treatment period (Fig. S7E). We also assessed the apoptosis levels in metastatic bones and healthy bone/tissues. 

Similar to primary tumors, iRGD-liposomes enhanced the ASO ability to induce apoptosis selectively in 

metastatic bone but not elsewhere (Fig. 4G, Fig. S7F). Together, these results demonstrate that iRGD-liposomes 

enhance the antitumor efficacy of AR-ASOs against both primary prostate tumors and bone metastases by 

increasing the tumor delivery of ASO.  
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Discussion 
 

In this study, we used iRGD-functionalized liposomes to improve the tumor delivery and antitumor efficacy of an 

ASO against AR gene and its splicing variants for CRPC treatment. The liposomes showed a satisfactory 

encapsulation efficiency of AR-ASO, and liposomal delivery achieved an effective knockdown of AR gene 

expression in vitro and in vivo. In multiple prostate tumor models, iRGD and liposomes showed a synergistic 

effect to increase ASO accumulation in the tumor, but not elsewhere, compared to free AR-ASO. IHC analysis 

also showed that the ASO was distributed broadly in the tumor tissue, rather than confined to areas near the 

blood vessels. In addition to reduced AR expression, the increased ASO delivery led to increased apoptosis 

level, and thus more effective suppression of tumor growth in multiple CRPC models. Besides subcutaneous 

tumor xenografts, we also validated the benefit of iRGD-liposomal delivery in a bone metastatic prostate cancer. 

Together, we showcase here a tumor-targeted delivery system for an ASO that may be applicable to the delivery 

of nucleotide-based drugs in general, allowing improvement in their efficacy.  

One of the major challenges in the in vivo applications of ASOs and other nucleotide drugs, especially for 

solid tumors, is the delivery. Lipid-based NPs have been the mainstream carriers to solve this problem to some 

extent, by protecting the nucleotides and shielding their negative charges. However, compared to siRNAs and 

even CRISPR-Cas9, much fewer studies have focused on ASO drugs [28,29]. Here, our results demonstrated 

the feasibility of liposomal system in improving ASO delivery. Pharmacokinetic analysis showed that liposomes 

prolong the plasma half-life and AUC of ASOs, and toxicity/IHC studies indicated that liposomal formulations do 

not induce additional toxicity.  

One feature of nucleotide-based drugs is that they are usually well tolerated, at least compared to common 

chemotherapy drugs, due to the high target specificity of ASOs [7]. Thus, the main challenge lies in the inefficient 

entry of ASOs into tumor tissue, rather than nonspecific accumulation and the resulting adverse effects in healthy 

organs. Liposomes and other NPs have been long thought to enhance drug delivery into solid tumors via passive 

diffusion through intercellular gaps (enhanced permeation and retention (EPR) effect) [30]. However, recent 

studies have revealed that this route only accounts for a small fraction of nanoparticle entry into solid tumors, 

and their penetration distance from the vasculature is limited due to additional transport barriers in the stroma 

[25,31]. Therefore, we employed iRGD, which triggers an active trans-vascular, trans-tissue transport process 

that delivers cargo deep into tumor tissue [15,32]. Our results show that while liposomal encapsulation alone 

enhances ASO accumulation in tumors, iRGD functionalization of the liposomes increases it further. Optimizing 

formulation of iRGD-liposomes increased the accumulation of ASO in the tumor, while not affecting ASO 

biodistribution in healthy tissues, further broadening the therapeutic window. 

Nucleotide-based drugs such as ASOs have unique advantages in therapeutic targeting of genetic alterations, 

such as those in AR. The progression of prostate cancer to a CRPC phenotype is driven by aberrant expression 

and/or activation of AR gene and its related signaling events. These changes occur in response to treatment 

with AR-targeted compounds such as enzalutamide and abiraterone [33–36], which prolong the survival of CRPC 

patients [6,37,38]. The changes in the AR gene include amplification, mutation, structural rearrangement in 70-

90% of CRPC tumors [39,40]. Further variability  is caused by changes in the expression of AR variants resulting 
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from altered mRNA splicing and polyadenylation [41]. The ASO used in this study has been previously shown to 

effectively knock down both the wild-type AR gene and splicing variants, leading to the suppression of CRPC 

tumors resistant to AR antagonists [6]. However, a high dosage and injection frequency were required to obtain 

a clinical benefit [28]. Moreover, AR is expressed in many healthy tissues (e.g. bone, muscle, and brain), and 

has important functions in normal physiology [42–44]. Therefore, it is desirable to increase ASO delivery into the 

tumor, while minimizing ASO accumulation in healthy organs. Our results show that an iRGD-liposome system 

can achieve these two goals. Moreover, at an equivalent amount of ASOs, iRGD-liposome-ASO gave the same 

or stronger antitumor effect compared to free AR-ASO with fewer injections. Intriguingly, after the last 

administration, iRGD-liposome-ASO resulted in long-term suppression of CRPC growth in the 22Rv1 model. 

Thus, iRGD-liposomes seem a promising way of accelerating the clinical translation of ASO drugs as alternatives 

for CRPC treatment.  

As is common knowledge, it is metastasis, rather than primary tumors, that makes cancer lethal [4]. Thus, we 

also investigated whether AR-ASO has therapeutic effect against bone metastases (the primary metastatic site 

of prostate cancer), and whether iRGD-liposomes would enhance the ASO delivery to metastatic bones. NP-

based carriers, including liposomes, have been used for drug delivery to bone metastases using passive and 

active targeting [19]. Passively targeted NPs with a size smaller than bone marrow fenestrations can pass 

through the capillaries and accumulate in bone marrow [45]. Active ligand-directed targeting has also been 

explored, some all the way to clinical trials [46,47]. A notable example is bisphosphonate [48], which specifically 

binds to bone hydroxyapatite matrix [49], and has been applied in cancer-associated bone diseases [50–52] . 

Unfortunately, bisphosphonate-conjugated drug accumulates in all bones and primarily targets osteoclasts rather 

than tumor cells [53,54]. RGD peptides have also been used to target bone metastases [55], and iRGD was 

originally identified by screening for peptides that accumulate in bone metastases of prostate cancer [15], which 

prompted us to investigate whether iRGD in ASO targeting to metastases. Our results show that iRGD-liposomes 

also enhance the AR-ASO accumulation in metastatic bones but not to healthy bones. Encapsulation AR-ASO 

into iRGD-liposomes strongly inhibited the growth of bone metastases, significantly exceeding the effect of the 

ASO alone.  

Taken together, the results here presented show that iRGD-liposomes provide an effective delivery system 

for AR-ASOs, both in primary tumor and bone metastases, and that this translates to an improved antitumor 

efficacy. As previously reported for iRGD functionalized liposomes with other payloads, this strategy may be 

applicable to other types of nucleotide-based therapeutics, and a variety of other solid tumor types and 

metastasis sites.  
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Materials & methods 
Chemicals and reagents 
Chemically modified AR-ASO (sense strand, 5′TGATTTAATGGTTGCA3′) and Cy3-conjugated ASO 

(5′GCATTCTAATAGCAGC3′) were obtained from Ionis Pharmaceuticals (Carlsbad, CA). FAM-cysteine-iRGD 

was purchased from LifeTein (Somerset, NJ). DSPE-PEG2000, DPPC, DOTAP, and cholesterol were obtained 

from Avanti Polar Lipid (Alabaster, Alabama). DSPE-PEG2000-MAL was from Nanosoft Polymers (Winston-

Salem, NC). The Lipofectamine 3000 transfection kit was from Invitrogen (Carlsbad, CA). Dulbecco's modified 

Eagle's medium (DMEM), RPMI-1640 Medium, and trypsin were from Sigma-Aldrich (St Louis, MO). All reagents 

and compounds were used without further purification or modification. 

 

Preparation of iRGD-liposome-ASO 
Lipids were weighed and dissolved with chloroform. The total lipids were composed under a proper molar ratio 

(DPPC, DSPE-PEG-Mal/OCH3, DPTAP, cholesterol as 15: 2: 3: 10). The chloroform was removed by rotary 

evaporation and under nitrogen blowing. The film was hydrated with 10 mL ASO HBS (10 mM pH 7.4) solution 

containing 10% sucrose by using the rotavap under 40 °C water bath condition but at normal atmosphere for 

around two hours. The primary liposomes were extruded by using membrane with a pore size of 1 μm, then 

frozen to -80 °C and further lyophilized. The liposomes were hydrated with HBS following the dry-freezing 

procedure, and before the extrusion. To compare the homing efficiency of two particle sizes (100 nm and 200 

nm), the hydrated liposomes were extruded by using membranes with pore size of 0.1 μm and 0.2 μm, 

respectively. Further, proper molar of FAM-cysteine-iRGD was added into the solution to conjugate to the 

maleimide on the surface of the liposomes. In the end, the ASO-liposome-iRGD was dialyzed with a 50kDa kit 

to obtain the final product. For the evaluation of ASO content in the liposomes, the nucleic acid concentration 

after damaging the lipid bilayers with 10% Triton was determined by Nanodrop.  

 

Characterization of iRGD-liposome-ASO systems 
The average size and size distributions of liposomes were determined by dynamic light scattering (DLS). DLS 

measurements were performed using a NanoFlex Particle Analyzer (Microtrac, Montgomeryville, PA). 

Autocorrelation functions were analyzed by the cumulants method (fitting a single exponential to the correlation 

function to obtain the mean size and the PDI and the CONTIN routine (fitting a multiple exponential to the 

correlation function to obtain the distribution of particle sizes). All measurements were performed at a 90° angle. 

The Zeta potential of the liposomes were measured by Malvern ZETASIZER Nano ZS. The morphology images 

of the liposomes were acquired using a TECNAI G2 Spirit BIOTWIN transmission electron microscope.  

 

Cell culture 
Human 22Rv1, LNCaP, and VCaP cells were purchased from American Type Culture Collection (ATCC, 

Manassas, VA). 22Rv1 and LNCaP cells were cultured in RPMI-1640 medium containing 50 U per mL 

streptomycin, 100 U per mL penicillin, and 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham, 

MA). VCaP cells were cultured with DMEM medium containing 50 U per mL streptomycin, 100 U per mL penicillin, 
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and 10% FBS. The cells were cultured at 37°C in a humidified incubator with 5% CO2. All the cell cultures were 

maintained in 25 cm2, 75 cm2 cell culture flasks, or 10 cm culture dishes for use.  

 

Western blotting 
The protein extracts from the cells (40 μg) were subjected to electrophoresis in SDS-PAGE on 4–15% precast 

protein gels (Bio-Rad, Hercules, CA ), separated and transferred to polyvinylidene fluoride (PVDF, 0.2 μm pore 

size) membranes. The membranes were probed with primary antibodies to the androgen receptor (GeneTex, 

Irvine, CA) and β-actin (Thermo Fisher Scientific) overnight at 4 °C. After washing, the membranes were 

incubated with the secondary antibodies IRDye® 680RD donkey anti-rabbit IgG and IRDye® 800CW donkey 

anti-mouse IgG (Li-COR, Lincoln, NE). The bands were visualized by scanning the fluorescence signal via the 

Odyssey® CLx imaging system (LI-COR). Then the photographic images with blots were scanned and quantified 

by the software of the system for the comparison of the fluorescence value of the blots. 

 

Immunohistochemistry (IHC) staining  
Immunohistochemical staining was performed on the paraffin-embedded sections. In brief, after deparaffinization 

and rehydration, all sections were incubated with 0.3% H2O2 solution for blockade of endogenous peroxidase 

activity. The sections were then blocked with 5% donkey serum blocking solution (with 0.1% triton X100), 

followed by incubation with primary antibodies overnight at 4°C. The primary antibodies included monoclonal 

rabbit anti-ASO (Ionis, Carlsbad, CA) and polyclonal rabbit anti-AR (PA1-110, Invitrogen). The bound antibodies 

were detected using ImmPACT™ DAB Peroxidase (HRP) Substrate Kit (Vector Labs, Burlingame, CA) followed 

by hematoxylin counterstaining. The CD31 antibody (MA1-40074, Thermo Fisher Scientific) was used for the co-

staining of blood vessels with ASO. The bounded antibodies were detected using Vector AEC peroxidase 

substrate kit (Vector Labs). Images of randomly selected areas from each section were collected by the 

microscope. Three views per tissue were captured from each section for semi- quantification by ImageJ software 

according to the HRP-DAB signal. 

 

Immunofluorescence (IF) staining  
Immunofluorescence staining was performed on the paraffin-embedded sections. In brief, after deparaffinization 

and rehydration, all sections were treated with PBS containing 1% BSA and 0.1% Triton X100 (blocking buffer) 

at room temperature (RT) for 1 h. The sections were washed three times with PBS and then incubated with 

primary antibodies anti-ASO (Ionis Pharmaceuticals. Carlsbad, CA) and anti-CD31 (BD Bioscience, San Jose, 

CA) with a 1:200 dilution in blocking buffer at 4 °C overnight, followed by the appropriate secondary antibodies 

diluted (1:200) in blocking buffer at RT for 1 h. After washing with PBS, sections were mounted in DAPI-

containing mounting medium (Vector Laboratories, Burlingame, CA) with a coverslip and examined under 

fluorescence microscope EVOS M5000 (Thermo Fisher Scientific). 

 

Animals  
All animal studies were carried out in compliance with the National Institutes of Health guidelines and an 
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approved protocol from University of Minnesota Animal Care and Use Committee. The animals were housed in 

a specific pathogen-free facility with free access to food and water at the Research Animal Resources (RAR) 

facility of the University of Minnesota.  

Female BALB/c mice (6~7 weeks old; weight at 20–25 g) and Male athymic nude mice (6~7 weeks old; weight 

at 20–25 g) were purchased from Charles River and Envigo (Indianapolis, IN), respectively. The 4T1 orthotopic 

tumor model was generated by the injection of 4 million of 4T1 cells into the breast of each female mouse. The 

tumor would be ready after two weeks of injection. The xenograft 22Rv1 and VCaP tumor models were 

established by subcutaneously injecting 5 × 106 22Rv1 / 8 × 106 VCaP cells in normal saline into the lower flank 

of the male mice, respectively. The tumor diameters were measured with calipers every two days, and tumor 

volumes were calculated as Vtumor = width2 × length/2. After 2-3 weeks (22Rv1) or 5-6 weeks post-tumor 

inoculation, tumor size reached around 5 mm in diameter. 

Bone Metastasis Model of CRPC was generated via intratibial injection of luciferase-expressing prostate 

cancer cells R1-EnzR (enzalutamide-resistant CWR-R1 cells), which were kindly provided by Dr. Aaron LeBeau 

at University of Minnesota. In brief, 4~6 weeks old male BALB/c nude mice (Envigo) were anesthetized by 

isoflurane with the proximal end of the left tibia exposed with the knee maintained in a flexed position. In order 

to create a hole/passage, a 26-gauge needle was inserted into the joint surface of the tibia through the patellar 

tendon and then down into the bone marrow cavity with a drilling motion. Subsequently, 10 ul of cell solution (1 

x 106 cells in PBS) was slowly injected into the tibia bone marrow cavity. Animals were monitored daily for body 

weight and signs of tumor burden. 

 

In vivo pharmacokinetics 
Wild-type C57BL/6 male mice (6~7 weeks old; weight at 20–25 g) were deprived of food overnight but having 

free access to water. The mice were randomly divided into five groups and were injected via lateral tail vein with 

the formulation of ASO solution, liposome-ASO and with equivalent AR-ASO (with 1% CY3-conjugated ASO) 

dose (50 mg/kg), respectively. Approximately 100 μL of blood was collected into tubes via venous plexus at 5, 

10, 20, 30, 45, 90 min and, 2, 6, 12, 24, 48 and 72 h, then centrifuged at 13200 rpm for 10 min to obtain plasma. 

Then the plasma samples were frozen at −80 °C for fluorescent analysis. CY3-ASO standards were prepared 

by blending working standard solutions to gain effective concentration levels of 0.5, 1, 2.5, 5, 10, 25, 50, 100, 

250, 500 ng/mL with plasma (50 μL). Fluorescence was analyzed at 540/570 nm wavelength using a microplate 

reader (BioTek, Winooski, VT).  

  

In vivo targeting & antitumor assay 

The homing procedure was performed in 4T1 tumor-bearing mice by administering PBS, ASO, ASO-liposome, 

and ASO-liposome-iRGD via a one-time tail vein intravenous injection at 10/50 mg/kg dosage. After 2 hours /4 

hours /4 days, mice were euthanized and the tissues were harvested. 

The treatments of 22Rv1 and VCaP xenograft tumor-bearing mice were initiated at a 48 hours interval for two 

weeks and the tumor growth was monitored for 4 months (22Rv1 model). The mice were randomly divided into 

groups (n = 6 per group) receiving different injections as follows: (1) PBS, (2) free ASO in PBS, (3) ASO-liposome, 
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(4) ASO-liposome-iRGD. The dosage for the mice were 20 and 50 mg/kg by two different injection frequencies 

(every two days or four days). Tumor volume and body weight were recorded. The obtained tumors were 

accurately weighed. All the harvested tissues were fixed, processed, and embedded in paraffin for use. 

 

TUNEL staining  
The TUNEL staining was performed using an In Situ Cell Death Detection Kit (Roche Diagnostics GmbH, 

Mannheim, Germany). The paraffin sections were stained with TUNEL reaction mixture for 1 h at 37°C and then 

mounted using DAPI containing mount medium. The images were captured by using fluorescence microscopy 

EVOS M5000.  

 

Serum Biochemical Toxicity Analysis 
Serum aminotransferase quantification was performed to determine toxicity effect of different formulations of AR-

ASO on the liver. Blood samples were collected by cardiac puncture after treatment. Serum aspartate 

aminotransferase (AST) and alanine aminotransferase (ALT) levels were measured using assay kits from 

Stanbio (Boerne, TX). 

 

Statistical analysis 
All statistical analyses in this paper were presented as mean ± SD. Statistical analysis was performed using a 

one-way analysis of variance (ANOVA) or Student’s t-test, where appropriate to assess differences among 

groups. The differences were considered significant at *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. 
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Figure Legends 
Fig. 1. iRGD-liposome enhances homing and uptake of ASO in tumors.  
(A) Schematic diagram of the iRGD-liposome-ASO system showing iRGD, antisense AR, and liposomes with lipid 

materials (DOTAP, DPPC, Cholesterol, and DSPE-PEG2000). (B) TEM image of final constructs of iRGD-liposome-

ASO showing cloudy liposomal coatings around dark cores. Scale bar: 200 nm. (C) Hydrodynamic diameter and zeta 

potential of iRGD-liposome-ASO. (D) Representative immunohistochemistry (IHC) of ASO staining and (E) 

quantification of ASO in IHC sections from tumors of 22Rv1 tumor-bearing mice. The 22Rv1 tumor-bearing mice were 

treated by PBS, free ASO, liposome-ASO, iRGD + liposome-ASO, and iRGD-liposome-ASO, respectively. The ASO 

dose was 50mg/kg. The tumors were collected after 4-day homing by different delivery systems. All experiments 

were performed in three mice per group. The data are represented as mean ± standard deviation (SD).  ***P<0.001 

vs ASO.  ASO: antisense oligonucleotide; AR: androgen receptor; DOTAP: dioleoyl-3-trimethylammonium propane; 

DPPC: dipalmitoyl phosphatidylcholine; DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; PEG2000: 

polyethylene glycol 2000; PBS: phosphate-buffered saline.  

  
Fig. 2. Short-term therapeutic efficacy of tumor cell-targeting liposomes loaded with ASO (iRGD-liposome-
ASO) in CRPC tumors. 
(A) Tumor volume growth curves and (B) average tumor weight of 22Rv1 tumor-bearing mice. The 22Rv1 tumor-

bearing mice were treated with PBS, free ASO, liposome-ASO, and iRGD-liposome-ASO, respectively. The ASO 

dose was 50mg/kg and the injections were given every four days for two weeks. (C) Representative images of 

ASO staining and (D) AR staining by IHC in tumors of 22Rv1 tumor-bearing mice. The ASO dose was 50mg/kg and 

the injections were given every four days for two weeks. AR staining in 4T1 tumor serves as the negative control. 

(E) Quantification of ASO and (F) AR density in IHC sections from tumors of 22Rv1 tumor-bearing mice. (G) 

Quantification of immunofluorescent signals of TUNEL positive cells showing apoptotic cells in tumor and other tissues 

of 22Rv1-bearing mice with different treatments. The ASO dose was 50mg/kg and the injections were given every 

four days for two weeks. (H) Tumor volume growth curves of VCaP tumor-bearing mice treated with different 

treatments for two weeks. (I) Average tumor weight of mice bearing VCaP subcutaneous xenografts at the end of 

treatment. The VCaP tumor-bearing mice were treated with PBS, free ASO, liposome-ASO, and iRGD-liposome-ASO, 

respectively. The ASO dose was 50mg/kg and the injections were given every four days for two weeks. The density 

of ASO and AR expression as well as fluorescence density of TUNEL assay were analyzed by ImageJ. All experiments 

were performed in 5-6 mice per group. The data are presented as the mean ± standard deviation (SD). Statistical 

significance was calculated using Student’s t test. The data are represented as mean ± standard deviation (SD).  

*P<0.05, ***P<0.001, **** P<0.0001 vs PBS controls. 
 

Fig. 3. Long-term therapeutic efficacy of iRGD-liposome-ASO in CRPC tumors.  
The 22Rv1 tumor-bearing mice were treated with PBS, free ASO, and iRGD-liposome-ASO, respectively. The ASO 

dose was 50mg/kg and the injections were given every four days for two weeks. The long-term effect of iRGD-

liposome-ASO are presented after 4 months of treatment by the growth curve of tumor volume (A), images of tumor 
(B), and the tumor weight by the end of observation (C). All experiments were performed in 5-6 mice per group. The 

data are represented as mean ± standard deviation (SD).  *P<0.05, ** P<0.01, ***P<0.001, **** P<0.0001. 
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Fig. 4. The tumor cell-targeting liposomes enhance homing and therapeutic efficacy in the CRPC bone 
metastasis model.  
The mice bearing bone metastasis were treated with PBS, free ASO, and iRGD-liposome-ASO, respectively. The 

ASO dose was 50mg/kg and the injections were given every 2 days for two weeks.  (A) Images of bones and (B) 

average bone weight of mice from each group after 2 weeks of treatments by PBS, ASO, and iRGD-liposome-ASO, 

with a 50 mg/kg dosage of ASO every 2 days, respectively. (C) Representative images of ASO staining by IHC and 

(D) quantification of ASO density in healthy and metastatic bones after 2-wk treatments. (E) Representative IHC 

images of AR staining and (F) quantification of AR density in bones after 2-wk treatments. (G) Quantification of 

immunofluorescent signals of TUNEL positive cells showing apoptotic cells in tumor and other tissues of mice bearing 

bone metastasis with a 50mg/kg dosage of ASO every 2 days for two weeks. All experiments were performed in 3-4 

mice per group. The density of ASO and AR expression were analyzed by ImageJ. The data are represented as mean 

± standard deviation (SD).  * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. 
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