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Abstract

RNA interference (RNAi) is an RNA-dependent gene silencing approach controlled by RNA-

induced silencing complex (RISC). Here we represent a synthetic RISC-mimic nanocomplex, 

which can actively cleave its target RNA in a sequence-specific manner. With high enzymatic 

stability and efficient self-delivery to target cells, the designed nanocomplex can selectively and 

potently induce gene silencing without cytokine activation. The nanocomplexes targeting to 

multidrug resistance are able to not only bypass P-glycoprotein (Pgp) transporter due to their 

nano-size effect, but also effectively suppress the Pgp expression, thus resulting in successful 

restoration of drug sensitivity of OVCAR8/ADR cells to Pgp-transportable cytotoxic agents. This 

nanocomplex approach has the potential for both functional genomics and cancer therapy.
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RNA interference (RNAi) is a fundamental gene regulation pathway in eukaryotic cells.[1] 

In this pathway, sequence-specific siRNA is able to target and cleave complementary 

mRNA through the action of an endonuclease-containing protein complex known as RNA-

induced silencing complex (RISC). Exogenous siRNA-based RNAi techniques have the 

potential to provide powerful therapeutic approaches for different diseases, and a number of 

siRNA-based therapies are currently being evaluated in clinical trials.[2] However, these 

siRNA drugs highly rely on cellular RNAi machinery to take into effects, they can perturb 

endogenous gene regulation pathways mediated by endogenous microRNAs that also rely on 

these cellular machinery, thus resulting in potential side effects.[2b,3] In addition, synthetic 

siRNA drugs require an additional delivery system to facilitate transfection because naked 

siRNA molecules cannot freely penetrate through the cell membranes and are prone to be 

degraded by endogenous nucleases.[3,4] In this study, we report an alternative approach to 

RNAi for gene regulation based on a synthetic RISC-mimic nanocomplex that consists of a 

nanoparticle, non-sequence specific endoribonuclease, single-strand DNA oligonucleotides 

and receptor-binding ligands (Scheme 1A).
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To build the robust nanocomplex, we used a gold nanoparticle (AuNP), a promising 

intracellular delivery agent,[5] as the backbone of the nanocomplex because it not only 

provides a large surface area to hold endoribonucleases and DNA oligonucleotides at close 

proximity, but also is of low cytotoxicity and has unique surface chemical properties for 

alkanethiol functionalization.[5,6] RNase A was chosen as the catalytic component of the 

nanocomplex because it does not degrade the DNA-based recognition component of the 

nanocomplex, and is one of the most robust and active endoribonucleases for non-sequence 

specific degradation of single-stranded RNAs.[7] In addition, it is well-documented that 

RNase A can effectively bind onto the surface of AuNPs through noncovalent adsorption.[8] 

DNA oligonucleotides are responsible for recognizing target RNA via Watson-Crick base 

pairing[9] and guiding the neighbouring endoribonuclease to cleave target mRNAs that 

contain complementary sequences, as well as protecting endoribonuclease against proteinase 

attack due to the dense package of DNAs on the nanocomplex.[10] Cys-tag EGF (ctEGF) is 

an epidermal growth factor receptor (EGFR)-binding ligand[11] for efficient delivery of the 

nanocomplex to target cells. Due to their unusual cooperative effects, the nanocomplexes 

exhibit resistance to enzymatic degradation, transfection agent-free delivery to target cells, 

and more importantly, induction of sequence-specific gene silencing independent of cellular 

RNAi machinery (Scheme 1B).

To evaluate the function and efficacy of the EGFR-targeted nanocomplex for sequence-

specific gene silencing, multidrug resistance (MDR) was chosen as a target model system. 

MDR is a major obstacle to the success of cancer chemotherapy.[12] One important 

mechanism of MDR is the active efflux of drugs by multidrug transporters. P-glycoprotein 

(Pgp), encoded by multidrug resistance protein 1 (MDR1) gene, is the most commonly 

encountered membrane transporter in the clinic;[13] and it is overexpressed in most cancer 

cells in response to a number of chemotherapeutic drugs.[12] Specific inhibition of Pgp 

expression could help restore the drug sensitivity of MDR cells.

In this nanocomplex, an alkanethiol-terminated anti-MDR1 DNA sequence (Scheme 1C) 

was designed as the recognition component. This DNA sequence consists of a 15-bp-long 

adenine (A15) tether and a 21-bp-long fragment complementary to the region (nt 1001–1021) 

in the MDR1 mRNA. The A15 tether was used as a spacer to increase the efficiency of the 

hybridization between a nanocomplex and its complementary mRNA.[9a] Nanocomplex was 

synthesized using a two-step method (Scheme 1A). AuNPs (15 ± 0.7 nm in diameter) were 

first functionalized with RNase A in a carbonate buffered solution (pH 9.6) to obtain RNase-

Au conjugates, followed by further modification with anti-MDR1 DNA oligonucleotides (or 

mutant sequence with seven mismatches). DNA-functionalized AuNPs without RNase A 

(denoted as DNA-Au NPs) were used as the control.

The resulting nanocomplexes are highly dispersible and stable in phosphate buffered saline 

(PBS) at pH 7.4. The UV-Vis spectra showed that the surface plasmon resonance (SPR) 

band of the nanocomplexes experienced a 7-nm red-shift as compared to that of AuNPs 

(Figure S1A), suggesting a change in the dielectric constant of the surrounding environment 

of the AuNPs due to the sequential loading of RNase A and DNA molecules. In contrast, 

DNA-Au NPs only had a 4-nm red shift of the SPR band. Furthermore, the width of the SPR 

band of the nanocomplexes remained nearly unchanged, indicating that the nanocomplexes 

Wang et al. Page 3

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2016 January 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were not aggregated, which was congruent with TEM analysis (Figure S1). Dynamic light 

scattering (DLS) measurements also showed that the nanocomplexes were discrete colloidal 

particles with a diameter of 49 ± 1.8 nm (Table S1). In addition, the nanocomplexes 

exhibited a weaker negative surface charge than DNA-Au NPs at pH 7.4 (−23 ± 1.6 mV vs. 

−30 ± 2.0 mV, Table S2), further indicating successful functionalization of the positively 

charged RNase A molecules on the surface of AuNPs. On average, the anti-MDR1 

nanocomplexes were estimated to carry 13.9 ± 0.7 RNase A and 85 ± 4 DNA oligos (Figure 

S2 and Table S2).

We first assessed the target specificity of the anti-MDR1 nanocomplex using an in vitro 

RNase activity assay through electrophoresis analyses. MDR1 mRNA segment (nt 400–

1369) acted as the target substrate, and the control substrate was a firefly luciferase (Fluc) 

mRNA segment (nt 1–1653) that does not contain complementary sequences to the anti-

MDR1 DNA oligonucleotides. As shown in Figure 1, the anti-MDR1 nanocomplex did not 

show any measurable cleavage activity on the Fluc mRNA, but it did cleave the MDR1 

mRNA target into two major fragments with a size of about 370 nt and 600 nt. As a result, 

the RNA cleavage site fully matched the predicted position where the MDR1 mRNA binds 

to the nanocomplexes via DNA/RNA hybridization (Scheme 1B). In addition, the sizes of 

these two RNA fragments almost perfectly matched the sizes of those corresponding MDR1 

mRNA fragments cut by RNase H that specifically degrades the RNA of RNA/DNA hybrids 

(Figure 1A),[14] suggesting that the anti-MDR1 nanocomplex induced site-specific RNA 

cleavage (Scheme 1B). In contrast, the negative controls (DNA-Au, ctrl DNA-Au and ctrl 

nanocomplex) showed no cleavage activity against either the MDR1 or Fluc mRNAs, 

whereas unbound RNase A non-specifically degraded both mRNA substrates into short 

fragments, which appeared as broad smear bands. Together, these results demonstrate that 

the anti-MDR1 nanocomplexes exhibit remarkable target specificity and display a RISC-like 

function—cleaving the target RNAs in a sequence- and site-specific manner.

This RISC-like function of the anti-MDR1 nanocomplex is attributed to the remarkable 

cooperative effect between the DNA and RNase A components of the nanocomplex. The 

densely packed DNA on the nanocomplex likely blocked the access of non-complementary 

RNAs to the nanocomplex-bearing RNase molecules through steric hindrance and repulsive 

coulomb interactions. Besides, these DNAs can also bind to target RNAs via base pairing 

and bring them to the RNase molecules on the nanocomplex, resulting in endonucleolytic 

cleavage of these RNAs into two fragments at positions close to the binding site (Scheme 

1B). Therefore, the DNA surface density should be critical for the RNA target specificity of 

nanocomplexes. Indeed, the anti-MDR1 nanocomplexes with a low DNA surface coverage 

(i.e., NC-Ls, 14.1 ± 1.1 RNase A and 45 ± 6 DNA oligos) did not exhibit target specificity 

and cut both the MDR1 and Fluc mRNAs in a sequence non-specific manner (Figure 1).

Given that RNase A molecules can potentially be degraded by proteinases in the cells, we 

also examined the in vitro resistance of nanocomplexes against proteinase K compared with 

unbound RNase A and NC-Ls (Figure 1). The result showed that unbound RNase A and 

NC-Ls lost their activity almost completely after proteinase K treatment at 37 °C for 1 h. In 

contrast, nearly no measurable change was observed in the nanocomplex activity after an 

identical proteinase K treatment. We attributed the resistance to proteinase degradation of 
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the nanocomplex to the fact that the RNase molecules on the nanocomplex were protected 

by the tightly packed oligonucleotides (Scheme 1A). It is expected that the ability to resist 

enzymatic degradation should enhance the stability of these nanocomplexes in the cells.

To investigate if the ctEGF-modified nanocomplexes preferentially bind to EGFR-

overexpressing cells, we synthesized EGFR-targeted (6 ± 1 ctEGF per AuNP,) and non-

targeted nanocomplexes through changing the initial molar ratio of DNA and ctEGF-

modified DNA oligonucleotides to 12:1 and 12:0, respectively (see Experimental Section 2 

and 3.3 in the Supporting Information for detailed synthesis). Three cell lines were chosen 

including EGFR-negative HCT116, EGFR-positive OVCAR8 and OVCAR8/ADR cells. 

EGFR expression levels in each type of cells were confirmed by western blot (Figure S3). 

As shown in Figure 2, the results from inductively coupled plasma mass spectrometry (ICP-

MS) showed that the targeted nanocomplexes were effectively internalized by EGFR-

positive cell lines (OVCAR8 and OVCAR8/ADR), ca. 6-fold higher than that of the non-

targeted nanocomplexes, whereas HCT116 cells did not show a significant difference for 

targeted and non-targeted nanocomplex. In addition, all cells incubated with non-targeted 

nanocomplex only exhibited a background level of cell-associated particles. It is likely that 

nonspecific, scavenger-mediated endocytosis is the dominant internalization mechanism for 

non-targeted nanocomplexes.[15] However, the targeted nanocomplexes are prone to bind to 

cell surface EGF receptors and activate the energy-dependent endocytosis pathway, further 

significantly increasing the intracellular uptake of the nanocomplex. Furthermore, 50-nm 

hydrodynamic diameter of the nanocomplex might also be an optimal factor that maximizes 

the uptake rate of the targeted nanocomplex in specific cells.[16] Collectively, the data 

suggest that the nanocomplexes would preferably bind to the target cells with target moieties 

on the surface. The cytotoxicity of the nanocomplex was tested by the MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay in the OVCAR8/ADR cell as 

an example. The results indicated that the targeted nanocomplexes showed almost no 

detectable cytotoxicity or side effects to cells at the concentrations ranging from 0.01 to 0.5 

nM even for 48 h incubation (Figure S5), and confirmed that the nanocomplex could be used 

for intracellular gene regulation.

We then studied the intracellular activity of the targeted anti-MDR1 nanocomplexes in 

OVCAR8/ADR cells, which overexpress the MDR1 gene (Figure S6). The cells were 

treated once with the targeted nanocomplex (or a control) at varying concentrations for 5 h 

at 37 °C, followed by incubation with fresh growth medium for another 48 h, and then 

harvested and processed for an mRNA and protein assay through quantitative real-time 

polymerase chain reaction (qRT-PCR) and western blot. As shown in Figure 3A, no 

measurable reduction in the MDR1 mRNA level was observed in the treatments using the 

targeted DNA-Au NPs at concentrations of 0.01, 0.04 and 0.12 nM. The inability of these 

conjugates to cause significant antisense effects on MDR1 replication is likely due to their 

low concentrations in our experiments.[9a,17] In contrast, the targeted anti-MDR1 

nanocomplex with the identical dosages induced dramatic decrease of MDR1 mRNA level 

in a dose-dependent manner. As additional negative controls, neither ctrl DNA-Au NPs nor 

ctrl nanocomplex led to measurable anti-MDR1 effects (Figure 3A), which further proved 

that the anti-MDR1 nanocomplexes exhibited excellent intracellular target specificity. In 

addition, no changes were observed in the mRNA level of TNF-α and IFN-β genes in the 
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interferon signaling pathway in OVCAR8/ADR cells treated with the targeted anti-MDR1 

nanocomplexes, indicating that the nanocomplex-induced anti-MDR1 effect observed herein 

was not caused by cytokine activation (see Figure S7).

Western blot showed consistent results with RT-PCR at the protein level. No detectable 

effect was observed in the cells treated with negative controls, whereas the cells displayed a 

significant decrease in Pgp protein level upon the targeted nanocomplex treatment (Figure 

3B). Conversely, the cells treated with the non-target nanocomplexes of 0.12 nM showed no 

significant change, which is consistent with the RT-PCR result. Altogether, these results 

clearly demonstrate that the targeted anti-MDR1 nanocomplexes can more efficiently induce 

an intracellular MDR1 gene knockdown, and consequently decreased Pgp protein level in 

cultured cells than the native nanocomplexes with the same components.

To assess whether the nanocomplex-induced suppression of Pgp could sensitize 

OVCAR8/ADR cells to Pgp-transportable cytotoxic agents, such as doxorubicin (DOX), we 

compared the drug sensitivity of the nanocomplex-treated cells to that of the untreated cells 

using the MTT assay. As shown in Figure 4 and Table S3, the IC50 value decreased 

significantly as a function of the targeted nanocomplex concentration, indicating that the 

targeted nanocomplex treatment indeed led to the enhanced drug sensitivity of 

OVCAR8/ADR cells. For example, the IC50 value of cells after 0.12 nM of the 

nanocomplex treatment is 23 times lower than that of cells without the nanocomplex 

treatment. In contrast, the non-targeted nanocomplexes and the targeted ctrl nanocomplexes 

had no significant effect on the drug sensitivity of OVCAR8/ADR cells. It is the reason that 

the efficient suppression of the Pgp transporter by the targeted anti-MDR1 nanocomplex 

result in DOX accumulation in cells, thus facilitating the killing of cancer cells. In addition, 

the targeted anti-MDR1 nanocomplex reversed resistance to Pgp-transportable drugs, but did 

not affect the sensitivity to hydroxyurea, a non-Pgp substrate (Table S3).[18] These results 

further suggest that the suppression of Pgp expression mediated by the anti-MDR1 

nanocomplexes is specific.

In summary, the results presented herein provide unambiguous evidence that the synthetic 

nanocomplexes not only show resistance to enzymatic degradation, excellent target 

selectivity, specific self-delivery, and non-cytotoxicity, but also exhibit unique cooperative 

RISC-like gene silencing function without interferon response. Since the established 

function of the nanocomplex is independent of cellular RNAi machinery, this work paves a 

way to construct a novel class of nanoparticle-based intracellular machinery. Furthermore, 

the conceptual power of this nanocomplex follows from its programmability: by changing 

the sequence of the DNA oligos, it is possible to change the identity of the gene that is 

targeted for knockdown. Therefore, this nanocomplex approach has the potential to become 

an alternative tool for functional genomics or as a therapeutic agent for cancers and other 

diseases associated with abnormal protein expression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
RNase activity tests for assessing the target selectivity of nanocomplex and its ability to 

resist the degradation by proteinase. In these tests, the concentration of nanocomplexes (or a 

control: DNA-Au, control DNA-Au, control nanocomplexes and NC-Ls) was fixed at 0.02 

nM and the concentrations of RNase A and proteinase K were 0.28 and 10 nM, respectively. 

The products of these tests were analyzed by using electrophoresis in a 2% formaldehyde 

agarose gel, and RNA bands were stained by using SYBR Green II. a) MDR1 mRNA 

segment (nt 400–1369) as the target substrate. b) Fluc mRNA segment (nt 1–1653) as the 

control substrate. Abbreviations: Ctrl, blank control; PK, proteinase K; and NC-L, 

nanocomplex with low DNA dense coverage.
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Figure 2. 
Cell type-dependent cellular uptake of EGFR-targeted and non-targeted nanocomplexes 

after 5 h incubation at 37 °C.
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Figure 3. 
Anti-MDR1 effects of the targeted anti-MDR1 nanocomplex in OVCAR8/ADR cells. a) 

qRT-PCR analyses of MDR1 mRNA expression in the OVCAR8/ADR cells treated with 

targeted nanocomplex or controls at varying doses: 0.01 nM (red), 0.04 nM (green) and 0.12 

nM (blue), or non-targeted nanocomplex with 0.12 nM. Each bar presents the mean and 

standard deviation derived from three independent experiments; Student’s t test, ns = non-

significance: P > 0.13, *: P< 0.006, **: P = 0.058. b) Western blot analyses of Pgp 

expression in the OVCAR8/ADR cells after treatment with nanoparticles at a concentration 

of 0.12 nM except for the targeted anti-MDR1 nanocomplexes at different concentrations of 

0.01, 0.04 and 0.12 nM, which was probed with anti-Pgp antibody and anti-β-actin antibody, 

respectively.
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Figure 4. 
Effect of the targeted anti-MDR1 nanocomplexes on sensitivity of OVCAR8/ADR cells to 

doxorubicin: OVCAR8 cells (red), OVCAR8/ADR cells without (black) and with targeted 

nanocomplex treatment of 0.01 nM (blue), 0.04 (green) and 0.12 nM (pink). Each point 

represents the average value from three independent experiments.
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Scheme 1. 
Schematic representation describing the design and function of targeted nanocomplexes. a) 

Synthetic process of targeted nanocomplexes. b) Cellular functions of targeted nanocomplex 

including self-delivery, gene silencing, and reverse of drug resistance. c) Designed MDR1 

DNA sequences.
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