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Abstract

Neuroblastoma (NB) is the most common extracranial solid tumor in children. The outcomes for 

aggressive forms of NB remain poor. The aim of this study was to develop a new molecular-

targeted therapy for NB using an antisense oligonucleotide (ASO) and superparamagnetic iron 

oxide (SPIO) nanoparticles (NPs), as a delivery vehicle, targeting the transcription regulator MAX 

dimerization protein 3 (MXD3). We previously discovered that MXD3 was highly expressed in 

high-risk NB, acting as an anti-apoptotic factor; therefore, it can be a good therapeutic target. In 

this study, we developed two ASO-NP complexes using electrostatic conjugation to 

polyethylenimine-coated SPIO NPs and chemical conjugation to amphiphilic polymers on amine-

functionalized SPIO NPs. Both ASO-NP complexes demonstrated MXD3 knockdown, which 

resulted in apoptosis in NB cells. ASO chemically-conjugated NP complexes have the potential to 

be used in the clinic as they showed great efficacy with minimum NP-associated cytotoxicity.
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Background

Neuroblastoma (NB) is a tumor of the sympathetic nervous system and is the most common 

extracranial solid tumor in children, representing 8–10% of pediatric cancers.1 The outcome 
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of patients with a high-risk phenotype is poor, with a survival rate of about 50%.2,3 

Therefore, there is an urgent need for more effective treatments for NB.

An antisense oligonucleotide (ASO) is a powerful tool to silence gene expression and has 

the potential for molecular-targeted therapy. An ASO is a 13–25 nucleotide-long 

oligodeoxynucleotide that binds to the complementary mRNA of the target sequence by base 

pairing, has high specificity, and is easy to modify chemically to improve its stability in 
vivo.4,5 Several ASOs have shown promising results in preclinical cancer models and phase 

I clinical trials, for prostate cancer6,7, lymphoma8 and lung cancer8. However, non-specific 

delivery and poor intracellular uptake into target cells are still challenges of ASOs for cancer 

therapy.9,10 To solve the challenge of intracellular delivery of ASOs, various nano-carriers 

have been studied.11,12

Several drug-delivery systems using nanoparticles (NPs) have been approved for cancer 

therapy and are currently in clinical trials or preclinical evaluations for several cancers, 

including breast cancer, pancreatic cancer, soft tissue sarcoma, and liver cancer.13–15 

Superparamagnetic iron oxide (SPIO) NPs are promising nano-carriers due to their unique 

magnetic characteristics16,17, and they have been widely used for magnetic resonance 

imaging contrast enhancement and drug delivery.18,19 As a vehicle, SPIO NPs have been 

used to deliver drugs20, proteins21, antibodies22 and nucleotides.23,24 Taratula et al. reported 

that B-cell lymphoma 2 (BCL2)-specific small interfering RNA (siRNA) and poly 

(propyleneimine) generation 5 dendrimers conjugated with SPIO NP complexes showed 

effective siRNA delivery, gene silencing, and antitumor activity both in vitro and in vivo for 

lung cancer cells.25 Our group demonstrated effective in vitro intracellular delivery of 

siRNA using SPIO NPs for precursor B cell (preB) acute lymphoblastic leukemia (ALL)33 

and for NB.26 Wen et al. reported that c-erbB2 oncogene-specific ASO-SPIO NP complexes 

were potentially useful as a magnetic resonance contrast-enhancing targeting agent to 

specifically diagnose tumors which had over-expression of the c-erbB2 oncogene in the in 
vitro studies.24,27 Therefore, SPIO NPs are a promising vehicle for successful delivery of 

nucleotides.

MXD3 (MAX dimerization protein 3) is a transcription regulator and a member of the 

MYC/MAX/MXD family of basic helix-loop-helix-leucine-zipper proteins.28 We discovered 

that MXD3 is highly expressed in NB cells compared to normal cells, and silencing MXD3 

expression by siRNA induces cell apoptosis in NB cells.26,29 In this study, we developed 

novel therapeutic nanocomplexes using MXD3 ASO and SPIO NPs. We hypothesized that 

MXD3 ASO-SPIO NP complexes can be a potential new targeted therapeutic approach for 

NB. We showed successful formation and characterization of ASO-NP complexes, 

intracellular delivery of the nanocomplexes, MXD3 knockdown, and cytotoxicity in NB cell 

lines in vitro. This is the first report showing ASO-SPIO NP complexes as a potential 

therapy for NB.

Yoshida et al. Page 2

Nanomedicine. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Methods

Cell lines and cell culture

Two human NB cell lines, SK-N-DZ and SK-N-BE were maintained at 37 °C in a 5% CO2 

incubator. SK-N-DZ cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

and 1% Minimum Essential Medium Non-Essential Amino Acids Solution. SK-N-BE cells 

were cultured in Eagle’s Minimum Essential Medium (EMEM) and Ham’s F-12 Nutrient 

Mix. Cells were used within the first 30 passages and were maintained at their logarithmic 

phase of growth prior to each experiment.

SPIO NPs

Iron oxide NPs with polyethylenimine (PEI) coating (SEI NPs) and amine iron oxide NPs 

(SHA NPs) were used in this study. SEI NPs (catalog No.SEI-15–05) are water-soluble iron 

oxide NPs with a monolayer of oleic acid, amphiphilic polymer and PEI coating (iron core 

diameter: 15nm). SHA NPs (catalog No.SHA-15–05) are water-soluble iron NPs with a 

monolayer of oleic acid, amphiphilic polymer and amine functionalization (iron core 

diameter: 15nm).

ASOs

ASOs were designed and synthesized using standard solid phase oligonucleotide synthetic 

methods as previously described.30 Briefly, the MXD3 ASO sequences are 5’-

CACAGGGACGCATAAC-3’ for #632461 and cyclooctyne-modified MXD3 ASO, 5’-

GGCCCTGGAGCGAACC-3’ for #632417. The negative control ASO sequence, which has 

no known homology to mammalian genes and has minimal nonspecific effects, is 5’-

CCTTCCCTGAAGGTTCCTCC-3’. The 5’-end of each oligonucleotide was modified to 

comprise a cyclooctyne for subsequent click chemistry conjugation to an azide-labeled SHA 

NPs via 1,3-dipolar cycloaddition.31 The 5’-DBCO-TEG phosphoramidite was coupled to 

the 5’-end of each oligonucleotide using standard solid phase methods to form a 

phosphodiester linkage between the oligonucleotide and the 5’-DBCO-TEG moiety. 

Ammonia deprotection was completed at room temperature for a minimum of 48 hours.

Formulation and characterization of ASO-SPIO NP complexes

Fresh nanocomplexes were made for each experiment. For electrostatic binding, the SEI NPs 

were briefly vortexed with an amine-reactive succinimidyl ester labeled with Alexa Fluor 

532 (A532) and incubated in the dark at 4°C for 3 hours. The molar ratio of SEI NP to 

succinimidyl ester was 1:1. After incubation, the labeled SEI-NPs were mixed briefly with 

ASO molecules by vortex. The ASO molecules were adsorbed on the surface of the SEI NPs 

based on electrostatic interactions between the negative backbone of ASO molecules and the 

amine-modified SEI NPs. The ratio of ASO:SEI NPs was determined based on our previous 

studies.26 The loading ratio was 1:1 by mass and 685:1 by mole.

For click chemistry conjugation, NHS-PEG4-Azide (azide) was dissolved in dimethyl 

sulfoxide (DMSO) at a final concentration of 10mM. SHA NPs were incubated with azide in 

phosphate buffered saline (PBS) at 4°C for 3 hours. The molar ratio of amine on the SHA 

NPs surface to azide was 1:100. After incubation, excess azide was removed using Slide-A-
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Lyzer MINI Dialysis Units. The azide-conjugated SHA NPs were then incubated with 

cyclooctyne-modified ASOs in water at 1:0.98 by mass and 1:600 by mole at 37°C for 30 

minutes. The above reaction method was optimized by titrating the molar ratio of amine, 

azide, and ASO (Supplementary Table 1) and using an incubation time of SHA NPs-azide 

with ASO based on our previous studies.26 The ASO-SHA NP complexes were centrifuged 

at 9,000g for 10 minutes, and unbound ASOs in the supernatant were removed.

To measure the loading efficiency of ASO on SPIO NPs, the ASO-SPIO NP complexes were 

centrifuged at 9,000g for 4 to 30 minutes until the supernatant became clear. The pelleted 

nanocomplexes and supernatant, which contained unbound ASOs, were collected separately. 

SPIO NPs in the pellet were dissolved with 0.15% mercaptoacetic acid for 12–16 hours.32 

The amount of ASOs in the supernatant and in the pellet (after dissolving SPIO NPs) was 

quantified using Nanodrop 2000. The hydrodynamic diameter and zeta potential of the 

nanocomplexes were measured using dynamic light scattering (DLS) on a Zetasizer Nano 

ZS. Briefly, 40 μg of SPIO NPs was combined with ASO as described above and diluted in 1 

mL of ultrapure water. Measurements were performed three times in succession in 

triplicates. Zeta potentials were determined using the Smoluchowski model in three 

independent repeat experiments.33

In vitro treatment with ASO-SPIO NP complexes

Cells were plated at 60,000 cells in 500 μL medium per well in 48-well plates in triplicate 

for each treatment group 12 hours before treatment. The cells were treated with the control 

or MXD3 ASO-SPIO NP complexes at indicated concentrations, or left untreated. The cells 

were incubated with the ASO-NP complexes in Opti-MEM or serum-supplemented 

complete medium for 4 hours, then the medium was replaced with fresh complete growth 

medium. The cells were counted and assessed for MXD3 protein expression by 

immunocytochemistry at 4, 8, 24, 48 and 72 hours after treatment. MXD3 expression in five 

NB cell lines were determined in our previous study26 and two cell lines with high MXD3 

expression levels, SK-N-DZ and SK-N-BE, were used in this study.

Immunocytochemistry and fluorescent image intensity quantification

Cells were collected and fixed with 10% buffered formalin and mounted on slides. Slides 

were incubated with anti-MXD3 monoclonal mouse antibody (Ab) at a final concentration 

of 2 μg/mL overnight at 4°C, then with a secondary goat anti-mouse Ab-Alexa488 at a final 

concentration of 4 μg/mL for 3 hours at room temperature in the dark as previously 

described.23 Nuclei were stained with DAPI (4’,6-diamidino-2-phenylindole). The MXD3 

protein expression levels were quantified by mean fluorescent intensity (MFI) using the 

Image J as previously described.23,34 Briefly, individual cell boundaries were marked, and 

MFI was measured and calculated by determining the average pixel intensity per cell. The 

total cell counts were 25–50 cells per field, and one or two fields were measured for each 

treatment group. The background fluorescent signal, without cells, was subtracted from the 

MFI of each cell for correcting MFI. Data are an average of 2 independent experiments with 

technical triplicates.
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Immunoblotting

Frozen whole cell pellets (1 million cells per group) were denatured and boiled with 

NuPAGE Sample Reducing agent in PBS at 100°C for 10 minutes before being run on a 4–

20% Tris-Glycine SDS-PAGE gel. Protein was transferred to a nitrocellulose membrane 

using a wet transfer system at 100V for 1 hour. Blots were blocked with 5% non-fat dry milk 

in Tris-buffered saline (TBS) with 1% tween-20 (TBST) for 1 hour at room temperature, 

then incubated with primary antibodies in 5% non-fat dry milk in TBST overnight at 4°C. 

After the overnight incubation, blots were washed with TBST 3 times for 10 minutes each 

before incubation with secondary antibodies in 5% non-fat dry milk in TBST for 1 hour at 

room temperature. Blots were washed twice with TBST and once with TBS before 

incubation with SuperSignal™ West Pico Chemiluminescent kit according to the 

manufacturer’s instructions. Primary antibodies and incubation conditions were 1:1000 for 

mouse anti-MXD3 and 1:2000 for rabbit anti-histone antibodies. Secondary antibodies and 

incubation conditions were 1:1000 for goat anti-mouse horseradish peroxidase (HRP) and 

1:2000 for goat anti-rabbit HRP antibodies.

Apoptosis assay

Cell apoptosis was measured by flow cytometry using annexin V (AV) conjugated to 

fluorescein-5-isothiocyanate (FITC) and propidium iodide (PI) as previously described.23 

Briefly, cells were collected 4 and 8 hours after treatment. AV and PI were measured by flow 

cytometry using the FC500. Caspase activity was measured using the Caspase 3/7 Glo kit as 

previously described.23 Cells were treated with ASO-NP complexes (without labeling A532) 

as described above and collected 4 and 8 hours after treatment. Caspase level was measured 

by a Centro LB 960 Microplate Luminometer. Data are means of 2 independent 

experiments.

Statistical methods

Statistical analysis was performed using Prism6 to generate means and graphics and using 

standard linear models implemented in SAS® Version 9.4. Cell counts were log-

transformed. Multiple comparisons of means used SAS® PROC MULTTEST, adjusted for 

multiple comparisons via the Hochberg-Benjamini approach.35 Significant findings in 

analysis of variance comparisons of means were further examined with Tukey’s studentized 

range test for experiment-wise control of Type I error. A P-value < 0.05 was considered 

significant for all statistical calculations. Error bars represent standard deviation.

Materials

SK-N-DZ, SK-N-BE, DMEM and EMEM were purchased from ATCC (Manassas, VA, 

USA). 1% Minimum Essential Medium Non-Essential Amino Acids Solution, Ham’s F-12 

Nutrient Mix, A532, azide, Slide-A-Lyzer MINI Dialysis Units, Nanodrop 2000, Opti-

MEM, Ab-Alexa488, DAPI, NuPAGE Sample Reducing agent and SuperSignal™ West Pico 

Chemiluminescent kit were all purchased from Thermo Fisher Scientific (Waltham, MA, 

USA). SPIO NPs were purchased from Ocean Nanotech (San Diego, CA, USA). ASOs were 

synthesized and provided by Ionis Pharmaceuticals (Carlsbad, CA, USA). 5’-DBCO-TEG 

phosphoramidite, Zetasizer Nano ZS, FC500 and Centro LB 960 Microplate Luminometer 
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were from Glen Research (Sterling, VA, USA), Malvern (UK), Beckman Coulter (Brea, CA, 

USA) and Berthold Technologies (Oakridge, TN, USA), respectively. Anti-MXD3 

monoclonal mouse Ab, rabbit anti-histone Ab, AV conjugated to FITC, PI and Caspase 3/7 

Glo kit were purchased from Neuromab (Davis, CA, USA), Abcam (Cambridge, UK), BD 

Biosciences (San Jose, CA, USA), Roche (Nutley, NJ, USA) and Promega (Madison, WI, 

USA), respectively. Image J was from NIH (Bethesda, MD, USA).

Results

Characterization of MXD3 ASO-SEI NP complexes

The average diameter of the SEI NPs was 36.5 nm. After ASO binding, the size of ASO-SEI 

NP complexes was 51.3 nm in diameter (Table 1). Surface charges of the SEI NPs decreased 

from an initial net positive charge of +58.9 mV to +34.2 mV after complexation with ASOs 

(Table 1). The binding efficiency of ASO on the SEI NPs was 94% (= 643.9 molecules per 

NP) (Table 1).

MXD3 ASO-SEI NP complexes show MXD3 protein knockdown and cell count reduction in 
SK-N-DZ cells

SK-N-DZ cells were treated with the control or MXD3 ASO-SEI NP complexes, or left 

untreated. The final concentration of ASO and NP in the complexes was 34.8 nM and 0.054 

nM, respectively (Table 2). The concentrations used were determined based on our previous 

studies.26 The MXD3 ASO-SEI NP complex treatment showed significant MXD3 protein 

knockdown, confirmed by immunocytochemistry (Figure 1A), at all the tested times: 4, 8, 

24, 48 and 72 hours (Figure 1A and B). Knockdown seemed to peak at 8 hours and 

continued until 72 hours. Relative percent knockdown of MXD3 level in treatment groups 

compared to untreated or control ASO-SEI NP complex-treated cells was 53% for both 

(***p<0.001) at 4 hours, 68% (****p<0.0001) and 63% (***p<0.001) at 8 hours, 68% 

(****p<0.0001) and 66% (***p<0.001) at 24 hours, 72% and 71% (both ****p<0.0001) at 

48 hours, and 73% (****p<0.0001) and 60% (**p<0.01) at 72 hours after treatment, 

respectively. Of note, MXD3 protein knockdown was also confirmed by immunoblotting 

(Supplementary Figure 1). Based on similar results between immunoblotting and 

immunocytochemistry measurement, immunocytochemistry was used in the subsequent 

studies.

MXD3 ASO-SEI NP treatment resulted in significant cell count reduction compared to no 

treatment or control ASO-SEI NP treatment (Figure 1C). The maximum MXD3 knockdown 

and cell count reduction were at 8 hours after treatment among the 5 time points; therefore, 

we used 8-hour time point data for the outcome in subsequent studies.

We also tested three different concentrations of MXD3 ASO: 3.5 nM, 17.4 nM, and 34.8 

nM. The percentage MXD3 protein knockdown was dose-dependent, at 13% and 14% (3.5 

nM), both 79% (17.4 nM), both 82% (34.8 nM), compared with untreated cells or control 

ASO-SEI NP complex-treated cells, respectively, 8 hours after treatment (Supplementary 

Figure 2). The latter two conditions showed similar MXD3 knockdown, suggesting 
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saturation of ASO molecules. To achieve maximum therapeutic efficacy, we chose the NPs 

with the highest ASO molecules (34.8 nM) for subsequent studies.

Furthermore, we tested one additional MXD3 ASO which targets a different site (#632417) 

on the MXD3 gene. SK-N-DZ cells treated with the MXD3 ASO (#632417)-SEI NP 

complexes also showed significant reductions in MXD3 protein expression of 39.9% 

(*p<0.05), compared to untreated or control ASO NP complex-treated cells at 8 hours after 

treatment (Supplementary Figure 3). MXD3 ASO-SEI NP complexes #632461 showed 

slightly higher knockdown (59.1%) than #632417 (39.9%); however, there were no 

statistical differences between the two MXD3 ASOs.

MXD3 ASO-SEI NP complex treatment induces cell apoptosis in SK-N-DZ cells

MXD3 knockdown induces apoptosis in NB cells and other cancers.23,26,29,30 Apoptosis 

was measured as an outcome using AV, PI and caspase.26 At 4 hours after treatment, 

untreated or control ASO-SEI NP complex-treated cells showed few AV positive cells 

(average 1.6% or 1.9%, respectively) (Figure 2B) or AV and PI double positive cells 

(average 3.5% or 3.8%, respectively) (Figure 2C). However, the MXD3 ASO-SEI NP 

complex-treated cells showed significantly more AV positive cells (average 6.9%, both 

*p<0.05) (Figure 2B) or double positive cells (average 7.9%, both *p<0.05) (Figure 2C) than 

the controls. At 8 hours after treatment, both untreated and control ASO-SEI NP complex-

treated cells continued to have few AV positive cells (average 1.0% or 1.6%, respectively) 

(Figure 2B) or double positive cells (average 2.8% or 3.6%, respectively) (Figure 2C). The 

MXD3 ASO-SEI NP complex-treated cells showed significantly more AV positive cells 

(average 4.2%) (Figure 2B) or double positive cells (average 11.35%, vs. untreated 

***p<0.001, vs. control ASO-SEI NP complexes **p<0.01) (Figure 2C). Caspase 3/7 

activity also showed a significant increase in the MXD3 ASO-SEI NP complex-treated cells 

compared to controls at both 4 and 8 hours after treatment (average luminescence signal 

90217 at 4 hours or 115901 at 8 hours, both ****p<0.0001) (Figure 2D). These results 

indicate that the MXD3 ASO-SEI NP complex treatment successfully delivered sufficient 

ASOs to the target MXD3 molecule, knocked down the protein, and resulted in cell 

apoptosis, as expected.23 Of note, the control ASO-SEI NP complex-treated cells showed 

significantly increased caspase activity compared to untreated cells (average luminescence 

signal 48949 at 4 hours or 39287 at 8 hours, both *p<0.05) (Figure 2D), suggesting non-

specific toxicities of NPs.

Characterization and loading efficiency of MXD3 ASO-SHA NP complexes

We next investigated SHA NPs as an alternative vehicle. The net surface charge of SHA NPs 

is close to neutral and these particles are expected to be less cytotoxic than SEI NPs. The 

diameter of the SHA NPs was 28.2 nm. Alkyne-modified ASOs were conjugated to the 

azide-functionalized SHA NPs. After conjugation, the size of the ASO-SHA NP complexes 

was 38.9 nm in diameter (Table 3). Surface charges of the SHA NPs alone and the ASO-

SHA NP complexes were −9.6 mV and −14.8 mV, respectively (Table 3). Only 10.1% (60.6 

molecules per NP) of ASO molecules (that were added in the reaction) were bound on the 

SHA NPs (Table 3). However, there are approximately 50–60 amine molecules per SHA NP 
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(personal communication with Ocean Nanotech); therefore, almost all the amine molecules 

on SHA NPs were saturated with ASO.

MXD3 ASO-SHA NP complexes show efficient MXD3 protein knockdown and cell count 
reduction in high MXD3 NB cell lines

We tested the MXD3 ASO-SHA NP complexes at the same NP concentrations as SEI NP 

complexes: NP 0.054 nM and ASO 3.3 nM, which showed MXD3 reduction at 48.6% 

compared to the controls at 8 hours after treatment (**p<0.01) (Figure 3A and B, and Table 

2). We then tested the nanocomplexes at three times higher concentration than above: NP 

0.16 nM and ASO 9.8 nM, which showed MXD3 reduction at 95.8% compared to untreated 

cells at 8 hours after treatment (***p<0.001) (Figure 3A and B, and Table 2). MXD3 ASO-

SHA NP complexes also showed dose-dependent cytotoxicity (Figure 3C). The MXD3 

ASO-SHA NP complex treatment, using the higher concentration (NP 0.16nM and ASO 

9.8nM), showed highly significant MXD3 protein knockdown, at all the tested times: 4, 8, 

24, 48 and 72 hours, after treatment compared with controls (Figure 4A and B), resulting in 

cell count reduction (Figure 4C). Relative percent knockdown of MXD3 level in treatment 

sets compared to untreated or control ASO-SHA NP complex-treated cells was 97% and 

96% at 4 hours, 95% and 96% at 8 hours, 95% for both at 24 hours, 95% for both at 48 

hours, and 97% for both at 72 hours after treatment, respectively (all ****p<0.0001) (Figure 

4B). The MXD3 ASO-SHA NP complexes showed much higher knockdown efficiency than 

the MXD3 ASO-SEI NP complexes, despite a much lower ASO molecule content than in 

SEI NP complexes (60.6 vs. 643.9) per NP (Tables 1 and 3).

To confirm efficient delivery of ASOs via SHA NPs, the MXD3 ASO-SHA NP complexes 

were compared with free MXD3 ASO plus free SHA NPs at equimolar amounts in 

nanocomplexes. Free MXD3 ASO plus free SHA NPs treated cells showed only 15.0% 

MXD3 knockdown whereas the MXD3 ASO-SHA NP complexes showed 90% knockdown 

(Supplementary Figure 4A and B). These results suggest that although some fraction of free 

MXD3 ASOs could enter the cells by themselves, SHA NPs can deliver them much more 

efficiently, leading to MXD3 knockdown.

We next evaluated the MXD3 ASO-SHA NP complexes in another NB cell line, SK-N-BE 

cells, which is known to have high MXD3 expression similar to SK-N-DZ.26 SK-N-BE cells 

were treated with MXD3 ASO-SHA NP complexes the same way as the SK-N-DZ cells, 

which showed a 92.6% MXD3 protein knockdown compared to untreated cells at 8 hours 

after treatment (***p<0.001) (Figures 5A and B).

MXD3 ASO-SHA NP complex treatment also induces cell apoptosis in SK-N-DZ cells

MXD3 ASO-SHA NP complexes induced apoptosis in SK-N-DZ cells (Figure 6A to C). At 

4 hours after treatment, both untreated and control ASO-SHA NP complex-treated cells 

showed few AV positive cells (average 4.5% or 4.8%, respectively) (Figure 6B) or AV and 

PI double positive cells (average 4.0% or 4.3%, respectively) (Figure 6C). The MXD3 ASO-

SHA NP complex-treated cells showed more AV positive cells (average 7.0%) (Figure 6B) 

or double positive cells (average 10.4%) (Figure 6C) than controls. At 8 hours after 

treatment, both untreated and control ASO-SHA NP complex-treated cells continued to have 
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few AV cells (average 2.9% or 3.1%, respectively) or double positive cells (average 4.0% or 

4.3%, respectively). However, the MXD3 ASO-SHA NP complex-treated cells showed 

significantly more AV positive cells (average 7.4%, **p<0.01) (Figure 6B) or double 

positive cells (average 13.4%, *p<0.05) (Figure 6C) than the untreated cells or the control 

ASO-SHA NP complex-treated cells. MXD3 ASO-SHA NP complexes showed more 

MXD3 reduction than MXD3 ASO-SEI NP complexes, although the amount of ASO for 

MXD3 ASO-SHA NP complexes (9.8nM) was lower than for MXD3 ASO-SEI NP 

complexes (34.8nM) (Table 2). In addition, control ASO-SHA NP complexes, even at the 

higher concentration (0.16 nM of SHA NP), showed no toxicity compared with control 

ASO-SEI NP complexes (0.054 nM of SEI NP) (Supplementary Figure 5A and B). These 

results suggest that SHA NPs were an efficient tool for ASO delivery with minimum non-

specific toxicity.

To confirm the stability of nanocomplexes in serum-supplemented condition, MXD3 ASO-

SHA NP complexes were tested in 10% heat inactivated serum-supplemented complete SK-

N-DZ medium. The nanocomplex-treated cells showed similar MXD3 knockdown in serum-

supplemented medium (89.7%, Figure 7A and B) compared to serum-free medium (95.8%, 

Figure 4A and B) at 8 hours after treatment. On the other hand, SEI NP complex-treated 

cells showed less MXD3 knockdown in serum-supplemented medium (34%) compared to 

serum-free medium (59.1%) at 8 hours after treatment (data not shown). These results 

suggest that MXD3 ASO-SHA NP complexes were more stable in serum-supplemented 

condition than MXD3 ASO-SEI NP complexes, which should be an advantage for in vivo 
use.

Discussion

During the last decade, new molecular targets and therapeutic approaches have been 

discovered based on emerging knowledge regarding the biology and genetic basis of NB.
2,36,37 We demonstrated the potential of ASO NP complexes targeting a transcription factor 

MXD3 in NB. We used SPIO NPs as a delivery platform for ASOs based on their unique 

magnetic properties, biocompatibility and ease of physical and chemical conjugation of 

various biological agents.38,39 Regarding the fate of iron oxide NPs, potential cellular 

degradation of iron oxide NPs has been reported.40–43 In these studies, NP degradation was 

measured based on the release of59Fe from the NPs and its incorporation into hemoglobin in 

blood. Rate of degradation depends on the type of cells in the body. The degradation of NPs 

by liver cells is relatively rapid as compared to the perivascular endothelial cells. They also 

suggest some fraction of NPs or their remnants may remain in some cells, and this may 

induce chronic toxicity or inflammatory response. These potential side effects of NP 

treatments need to be experimentally and clinically validated as these results can be 

significantly influenced by both the size and nature of coatings on the NPs.43

We first developed MXD3 ASO-SEI NP complexes, using an electrostatic interaction, 

resulting in MXD3 knockdown (Figure 1 and Supplementary Figure 1) in a dose-dependent 

manner (Supplementary Figure 2), leading to an increase in cell apoptosis (Figure 2A–D). 

To date, there are no reports of ASO-PEI coated SPIO NP complexes for gene silencing; 

however, we have demonstrated successful knockdown of MXD3 using siRNA-SEI NP 
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complexes, in NB26 and preB ALL cell lines.23 Veiseh et al. also reported successful 

development of siRNA-PEI coated SPIO NP complexes, leading to gene silencing in a 

glioblastoma cell line in vitro.44 Although ASO-PEI-SPIO complexes were effective in 

reducing the protein expression of MDX3 (over 80%), they were cytotoxic as observed in 

the control cells, possibly due to the high cationic charge on the PEI polymer. Similar NP-

associated toxicity was also observed in our previous study using siRNA-antiCD22 

antibody-SEI NP complexes in Reh preB ALL cells.23 Based on the charge and its structure, 

PEI is well known to be toxic to cells.45 The cytotoxicity may be reduced by modification of 

the PEI polymer, including its molecular weight and structure. In addition to the 

cytotoxicity, the knockdown efficiency of ASO-PEI-SPIO complexes was significantly 

reduced in the presence of serum, indicating potential non-specific interactions of PEI SPIO 

particles with serum components, including proteins. These interactions may inhibit entry of 

these particles into cells.46,47 To alleviate these challenges, we evaluated the chemically-

conjugated ASOs with amine-functionalized SHA NPs using a click chemistry approach.

Chemically-conjugated ASOs on SHA NPs knocked down the target protein MXD3 (over 

90% compared to the controls), with minimum NP-associated cytotoxicity and improved 

serum stability (Figure 7A and B). The antisense efficiency of SHA NPs was significantly 

higher than SEI NPs despite the loaded ASO being higher in the SEI NPs. The difference in 

antisense activity of the NP-ASO complexes may be attributed to the stability of the 

complexes, internalization of the complexes, and their intracellular interactions with target 

RNA and other cellular machinery. Our results also show that ASO-SHA NPs are relatively 

stable in serum in contrast to ASO-SEI NPs (Figure 7), which may enhance their cellular 

uptake in the presence of serum. The net positive charge of the ASO-SEI NPs may favor 

their binding to the cell surface and potential internalization in cells; however, due to the 

cytotoxicity of SEI-NPs, their intracellular fate may be significantly different than the SHA-

NPs. It has been reported that positively charged surfaces may be more readily covered with 

diverse proteins48 or targeted to specific compartments in the cells such as lysosomes49 that 

can inhibit or delay the activity of the ASO-NP complexes. Further studies are required to 

validate these differences for the complexes evaluated in this study.

Previous studies have used ASOs conjugated to inorganic nanoparticles, such as Rosi et al.
50, which evaluated the knockdown of green fluorescent protein (EGFP) using ASOs 

conjugated to gold nanoparticles, and Kim et al.51, which demonstrated the knockdown of 

p53 protein in HeLa cells using ssDNA-functionalized gold nanoparticles. Similar to the 

results of our study, these studies demonstrate the effectiveness of chemically-conjugated 

ASOs to knockdown the target gene expression without significant cytotoxicity. However, 

the knockdown efficiency in these previously-reported studies were limited to less than 40%, 

while we observed a dose-dependent increase in knockdown efficiency of up to 90% 

knockdown of the target protein expression.50–52 Better knockdown in our study could be 

attributed to improved nuclease stability of the ASOs compared to unmodified DNA 

molecules used in previous studies. Previous studies have noted improvement in knockdown 

efficiency with increased stability of nucleic acid molecules.52,53 The effect of nuclease 

stability of ASOs may be enhanced as these ASOs are non-specifically delivered to the 

cytoplasm of target cells, often involving endocytic uptake of the particles. Late Endocytic 

vesicles enriched with nucleases can degrade non-chemically modified DNA molecules and 
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thus reduce the efficiency of the knockdown of gene expression.54,55 In addition, enhanced 

knockdown may also depend on the stability of the target protein. MXD3 has a short half-

life, for instance 0.37 hours in SK-N-DZ cells (Supplementary Figure 6) and 0.25 hours in 

Reh cells (data not shown) compared to EGFP (26 hours)56 and P53 proteins (0.6 hours)57. 

Since the measurement of knockdown efficiency is focused on protein expression levels, it is 

likely that the less stable proteins may provide higher knockdown efficiency. In addition, the 

nucleotide sequence targeting the MXD3 RNA sequence may also have an effect on the 

knockdown efficiency as prior antisense studies have shown sequence-dependent effects on 

the knockdown of target gene expression.30 However, in this study, we varied the target 

sequences and did not observe significant differences in the knockdown efficiency of the 

target protein, suggesting that the dosage and stability of the ASOs were the leading factors 

influencing knockdown efficiency of MXD3 protein.

The biological effect of MXD3 knockdown on cell physiology was measured based on the 

increase in number of apoptotic cells compared to negative controls. Early (AV positive) and 

late (AV and PI positive) apoptosis were measured by flow cytometry.58 Our data, showing 

more double positive cells and less AV positive cells at 8 hours than at 4 hours (Figures 2A, 

B, and C and 6A and B), suggest cells undergoing apoptosis. For SEI NP complexes, 

apoptosis was also confirmed using caspase activity (figure 2D). The potential for apoptosis 

induced by SEI NPs is also supported by another study.43 This study illustrated that PEI-

coated iron oxide NPs have significantly higher toxicity than neutral charged PEG-coated 

iron oxide NPs. This higher toxicity of PEI-NPs was attributed to both ROS generation and 

induction of apoptosis. Previously, we demonstrated that MXD3 knockdown in Reh cells, 

using a small hairpin RNA, resulted in decreased cell numbers with no change in G0/G1, S 

or G2/M population.29 These results indicate that MXD3 knockdown causes clonogenic cell 

death, but not cell senescence. In addition to apoptosis, necrosis is a possibility, which will 

be determined in future studies. MXD3 knockdown induced cell apoptosis was observed as 

quickly as 4 hours and peaked at 8 hours after ASO nanocomplex treatment. This fast 

phenotype change is most likely due to the short half-life of MXD3 protein.

Current standard therapy for high-risk NB, such as conventional chemotherapy and radiation 

therapy, has significant limitations and systemic toxicities for young children. A few NB-

targeted treatments, such as 131-iodine metaiodobenzylguanidine (MIBG)59 and anti-

Ganglioside GD2 antibody60, have been introduced with some success. However, better and 

safer treatments are still needed. Our ASO-SHA NP complexes have significant potential as 

a future therapy, because our target molecule MXD3 is preferentially expressed in high-risk 

NB26, ASO conjugated NP complexes can be delivered intracellularly without major 

toxicities, and the complexes led to NB cell apoptosis. Because of these unique properties, 

our nanocomplexes can be included with conventional chemotherapy, and replace or reduce 

the doses of some of the chemotherapy drugs, to lessen side effects. Further studies are 

required to understand the function of MXD3 in cancer and mechanism of apoptosis 

induction when it is knocked down to develop effective MXD3 targeted therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MXD3 ASO-SEI NP complexes show efficient MXD3 protein knockdown and 
cytotoxicity from 4 to 72 hours after treatment in SK-N-DZ cells.
(A) Immunocytochemistry 4 hours after treatment. (B) Relative mean fluorescence intensity 

(MFI) and (C) living cell count 4, 8, 24, 48 and 72 hours after treatment (n=6, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001).
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Figure 2. MXD3 ASO-SEI NP complex treatment induces cell apoptosis in SK-N-DZ cells.
(A) Annexin V (AV) and propidium iodide (PI) 4 and 8 hours after treatment. Area A, B and 

C indicate AV and PI double positive, AV single positive, and double negative population, 

respectively. (B) Quantification of AV single positive cells and (C) AV and PI double 

positive cells　(n=2, *p<0.05, **p<0.01, ***p<0.001). (D) Caspase 3 and 7 activity levels 4 

and 8 hours after treatment (n=6 for each time point, ****p<0.0001).
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Figure 3. MXD3 ASO-SHA NP complexes show a dose-dependent MXD3 knockdown in SK-N-
DZ cells
(A) Immunocytochemistry and (B) relative MFI 8 hours after treatment (n=6, **p<0.01, 

***p<0.001).

(C) Living cell count 4, 8, 24, 48 and 72 hours after treatment. (n=6, ****p<0.0001)
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Figure 4. MXD3 ASO-SHA NP complexes show efficient MXD3 protein knockdown and 
cytotoxicity from 4 to 72 hours after treatment in SK-N-DZ cells.
(A) Immunocytochemistry 4 hours after treatment. (B) Relative mean fluorescence intensity 

(MFI) and (C) living cell count 4, 8, 24, 48 and 72 hours after treatment (n=6, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001).
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Figure 5. MXD3 ASO-SHA NP complexes also show efficient MXD3 protein knockdown in SK-
N-BE cells
(A) Immunocytochemistry and (B) relative MFI 8 hours after treatment (n=6, ***p<0.001).

Yoshida et al. Page 20

Nanomedicine. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. MXD3 ASO-SHA NP complex treatment also induces cell apoptosis in SK-N-DZ cells
(A) AV and PI 4 and 8 hours after treatment. Area A, B and C indicate the same as in Figure 

2. (B) Quantification of AV single positive cells and (C) AV and PI double positive cells and 

(D) PI single positive cells (n=2, *p<0.05, **p<0.01).
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Figure 7. MXD3 ASO-SHA NP complexes also show MXD3 protein knockdown in serum-
supplemented medium for SK-N-DZ cells
(A) Immunocytochemistry and (B) relative MFI 8 hours after treatment (n=6, **p<0.01).
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Table 1.

characterization of MXD3 ASO-SEI NP complexes

size and zeta potential Size [nm] (average ± SD) Zeta potential [mV] (average ± SD)

SEI NP 36.5 ± 1.2 58.9 ± 2.2

MXD3 ASO-SEI NP complexes 51.3 ± 1.3 34.2 ± 3.2

ASO loading MXD3 ASO 
[μg] [%] of total Bound ASO molecules per 

nanoparticle

MXD3 ASO-SEI NP complex pellet (bound MXD3 
ASO) 28.2 94.0 643.9

Supernatant (unbound MXD3 ASO) 1.5 5.0

SD: standard deviation
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Table 2.

summary of ASO molecules and SPIO NP amounts per well in each treatment

Treatment NP conc. [nM] 
(per well)

ASO conc. [nM] 
(per well)

ASO molecules per 
NP

MXD3 reduction [%] 
at 8 hours

MXD3 ASO*-SEI NP complexes 0.054 34.8 643.9 59.1

MXD3 ASO**-SHA NP complexes 0.054 3.3 60.6 48.6

three times amount of MXD3 ASO**-SHA 
NP complexes

0.16 9.8 60.6 95.8

*
Molecular weight (MW) MXD3 ASO for ASO-SEI NP complex is 5448.

**
MW of cyclooctyne-modified MXD3 ASO for ASO-SHA NP complex is 6018.
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Table 3.

Characterization of MCD3 ASO-SHA NP nanocomplexes

size and zeta potential Size [nm] (average ± SD) Zeta potential [mV] (average ± SD)

SHA NP 28.2±1.9 −9.6 ± 0.2

SHA NP (+azide) 30.8 ± 1.7 −6.4 ± 0.7

MXD3 ASO-SHA NP nanocomplexes 38.9 + 1.3 14.8 ±0.4

ASO loading MXD3 
ASO[μg] [%] of total Bound ASO molecules per 

nanoparticle

MXD3 ASO-SHA NP nanocomplex pellet (bound 
MXD3 ASO) 3.0 10.1 60.6

Supernatant (unbound MXD3 ASO) 26.0 88.9

SD: standard deviation
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