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ABSTRACT 
 While RNA interference (RNAi) holds promise as a 

novel therapeutic modality for cancer, a number of 

extracellular and intracellular obstacles have revealed the 

need for safe and effective siRNA delivery systems in order 

to translate these RNAi-based technologies into the clinic. 

We have recently developed a multifunctional cationic 

lipid-based carrier, ECO, which can efficiently deliver 

siRNA and induce RNAi in both non-cancerous and cancer 

cell lines. ECO forms stable nanoparticles with siRNA that 

protect the payload against degradation, promote 

endosomal escape following cellular internalization, and 

facilitate cytosolic siRNA release via a glutathione-

dependent mechanism. In breast cancer, β3 integrin has 

been implicated as a key player in the acquisition of a 

metastatic phenotype through TGF-β-mediated epithelial-

mesenchymal transition (EMT). Inactivation of β3 integrin 

has been shown to disrupt the oncogenic properties of TGF-

β and as such, ECO nanoparticles delivering β3 integrin 

siRNA (ECO/siβ3) may prove effective in the prevention 

and treatment of metastatic breast cancer. In NME cells 

stimulated with TGF-β, ECO/siβ3 nanoparticles induced 

sustained β3 integrin silencing up to 7 days post-

transfection. Depletion of β3 integrin consequently reduced 

the acquired mesenchymal markers, such as N-cadherin, 

while restoring epithelial markers, namely E-cadherin. 

Delivery of siβ3 concurrently with EMT induction 

suppressed TGF-β-mediated stress fiber formation, a 

hallmark event of the transformation process. Cells grown 

in a 3D organotypic culture revealed that treatment with 

ECO/siβ3 nanoparticles over a 10 day period significantly 

inhibited growth in comparison to a control group. This 

observation was further supplemented by a decrease in 

invasiveness and proliferation. Together, the in vitro results 

suggest that ECO/siβ3 nanoparticles are a promising 

therapeutic strategy to combat metastatic breast cancer.  
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1 INTRODUCTION 
 We have developed a multifunctional cationic lipid-

based carrier, ECO, which can induce siRNA-mediated 

RNAi in various cancer cell lines [1,2]. ECO is a cationic 

lipid composed of three structural domains hypothesized to 

play a significant role and function: 1) a protonable 

ethylenediamine head group; 2) two cysteine-based linker 

groups; 3) two oleic acid lipid tails (Scheme 1). The 

ethylenediamine head group promotes electrostatic 

condensation of siRNA. The cysteine residues contain free 

thiol that autooxidized into reducible disulfide linkages and 

further stabilize the nanoparticles. Furthermore, the cysteine 

residues can be used to improve biocompatibility and 

target–specific delivery by providing a means to 

functionalize the nanoparticles with targeting moieties 

and/or biocompatible polymers, e.g. polyethylene glycol. 

The oleic acid lipid tails hydrophobically aggregate in an 

aqueous environment to further condense the nanoparticles. 

Importantly, the ECO structure possesses pH-sensitive 

amphiphilicity for disrupting the membrane of endosomal 

and lysosomal vesicles to promote escape and evade 

degradation of the siRNA cargo within the acidic 

environment.  Once escaped, the disulfide bonds in the 

reductive environment of the cytosol are designed to 

facilitate the release of siRNA. 

 
 

Scheme 1. ECO/siRNA nanoparticles are formed through 

electrostatic interactions between the cationic head group 

and anionic siRNA, auto-oxidation of free thiol groups 

within the cysteine residues to form disulfide crosslinks, 

and hydrophobic condensation of lipid tail groups. 
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 As the ECO/siRNA nanoparticles can be formed with 

any siRNA, ECO serves as a promising siRNA delivery 

platform for the treatment of a wide range of human 

diseases, particularly for cancers. Breast cancer is a 

devastating disease with an estimated incidence of over 

200,000 cases per year [3]. Moreover, breast cancer is the 

second leading cause of cancer-related morbidity for 

women with 40,000 deaths per year [3]. For localized, non-

metastatic disease, the 5-year relative survival rate is 98.6% 

but for those women with distant metastases the survival 

rate falls below 25% [3]. This fact alone highlights the lack 

of clinically available therapeutic strategies that target 

breast cancer metastasis. A hallmark of breast cancer 

metastasis is the acquisition of epithelial-mesenchymal 

transition (EMT), a normal physiological program that 

occurs during embryonic development and wound healing 

[4]. This process is characterized by epithelial cells 

undergoing alterations, both morphological and phenotypic, 

to gain an elevated propensity to invade locally and to 

distant sites [4]. Activation of EMT by cancer cells is 

believed to give these cells the ability to form cancer 

metastasis. Again, there is a crucial need to specifically 

target and eradicate metastatic breast cancer cells that are 

responsible for metastatic disease, recurrence, resistance to 

chemotherapy and disease mortality. 

Transforming Growth Factor- (TGF-) is a 

multifunctional cytokine that is well-established in its 

regulation of mammary gland biology. Typically, TGF- 

plays the role of a tumor suppressor in normal mammary 

epithelial cells. However, during the acquisition and 

development of cancer, TGF- gains tumor promoting 

capabilities that drive invasion and metastasis [5]. This 

ability to drive invasion and metastasis has established 

TGF- as a master regulator of EMT. Indeed, mammary 

epithelial cells that undergo EMT in response to TGF- up-

regulate mesenchymal markers, such as N-cadherin (N-cad) 

while down-regulating epithelial markers, such as E-

cadherin (E-cad). Importantly for our application, TGF- 

stimulation of mammary epithelial cells also causes a 

marked up-regulation of 3 integrin, which complexes with 

the TGF- type II receptor (TR-II) via interactions with 

FAK and results in elevated activation of p38 MAPK that is 

essential for EMT and breast cancer metastasis [6,7].  

We propose to use our multifunctional ECO carrier to 

deliver siRNA specific to integrin β3 as a novel therapeutic 

strategy to target and alleviate metastatic breast cancer. As 

recent studies have implicated 3 integrin as a promising 

therapeutic target to alleviate breast cancer metastasis by 

specifically eradicating metastatic breast cancer cells [6], 

we believe implementation of the ECO delivery system will 

enable the potential translation of this gene therapy 

modality beyond the lab. Herein, we will evaluate the 

efficacy of ECO nanoparticles loaded with integrin β3 

siRNA to induce gene silencing and also attenuate various 

hallmarks of metastasis, including morphological and 

phenotypic changes associated with EMT, cell invasion, 

proliferation and outgrowth in a 3D environment. 

2 METHODS 
Preparation of Nanoparticles: The ECO carrier was 

synthesized as previously discussed [1]. ECO nanoparticles 

complexed with siRNA were prepared at an N/P ratio of 8, 

where N/P ratio is defined as the ratio of protonable amines 

on ECO to the phosphate groups of the siRNA. ECO and 

siRNA were diluted in equal volumes of RNase-free water 

and were mixed and incubated at room temperature for 30 

minutes to promote nanoparticle formation.  

 In vitro β3 Integrin Silencing: Normal murine 

epithelial (NME) cells were stimulated with TGF-β 

(5ng/mL) for 72 hours to induce EMT. ECO/siβ3 

nanoparticles were delivered at a final siRNA concentration 

of 100 nM in complete growth media with TGF-β. The 

expression of β3 integrin, along with E-cadherin and N-

cadherin, was evaluated with quantitative real-time PCR for 

up to 7 days post-treatment. Gene expression levels were 

normalized to GAPDH and compared to unstimulated and 

untreated NME control cells. 

  Actin Phalloidin Immunofluorescence: NME cells were 

grown to partial confluency on glass-bottom dishes. At the 

time of treatment with ECO/siβ3 nanoparticles, TGF-β 

(5ng/mL) was added concurrently to induce EMT. At 48 

following treatment, the rearrangement of the actin 

cytoskeleton was directly visualized with rhodamine-

conjugated Phalloidin, a peptide that binds selectively to F-

actin. Cells were washed with PBS, fixed and 

permeabilized with 3.7% paraformaldehyde and 0.1% 

Triton X100. The cells were then blocked in 1% BSA in 

PBS for 1 hour then incubated with Phalloidin in 1% BSA 

in PBS for an additional hour. Control cells did not receive 

TGF-β or nanoparticles. 

 Cell invasion assay: NME cells that were unstimulated 

or stimulated with TGF- for 3 days were treated with 

ECO/siβ3 nanoparticles for an additional 2 days. Cells were 

then trypsinized and ability of NME cells (50,000 

cells/well) to invade reconstituted basement membranes 

was measured utilizing modified Boyden chambers as 

previously described [7].  

 3H-thymidine incorporation assay: NME cells that 

were unstimulated or stimulated with TGF- for 3 days 

were treated with ECO/siβ3 nanoparticles for an additional 

2 days. Cells were then trypsinized and replated (2,000 

cells/well) and grown for an additional 48 hours. 3H-

thymidine was then added to incorporate into strands of 

synthesized chromosomal DNA during cell division. After 

4 hours, cells were washed and lysed and a scintillation 

beta-counter was used to measure radioactivity to determine 

the extent of cell division, and therefore the proliferation. 

 3D Organotypic Growth: To setup a 3D organotypic 

culture, 50μL of Cultrex basement membrane extract was 

added to wells of a 96-well plate. NME cells either non 

stimulated or stimulated with TGF-β (5ng/mL) for 72 hours 

were then plated (2000 cells/well) within the 96-well plate 

in 150 μL of media to bring the total well volume to 200 μL 

(Day 0). On day 4, 6, and 8, cells received treatment with 

either ECO/siβ3 or no treatment at all. Growth of the cells 

NSTI-Nanotech 2014, www.nsti.org, ISBN 978-1-4822-5827-1 Vol. 2, 2014344



was monitored every 2 days by the addition of 2 μL of 

luciferin to each well and the luminescence was quantified 

on a luminometer.  

 Statistical analyses: Statistical values were defined 

using an unpaired Student’s t-test with a P value of <0.05 

considered significant. 

 

3 RESULTS AND DISCUSSION 
Upon TGF-β stimulation, NME cells overexpressed 

integrin β3 up to 6-fold compared to the non-stimulated 

control cells (Figure 1). In those cells stimulated with TGF-

β to induce EMT, ECO/siβ3 nanoparticles were able to 

induce potent silencing of β3 integrin for up to 7 days post-

transfection following a single treatment (Figure 1). A rapid 

decline of β3 integrin mRNA levels was observed within 

the first 24 hours (data not shown) reaching a maximum 

silencing of 84% compared to non-treated TGF-β-

stimulated cells. A steady silencing of ~80% was then 

maintained for the remainder of the 7 day period. 

 

 
Figure 1. Silencing of β3 integrin mRNA expression 

evaluated by qRT-PCR following a single treatment with 

ECO/siβ3 nanoparticles. 

 

During EMT, E-cadherin expression is diminished 

while N-cadherin becomes overexpressed, allowing for an 

increase in cell invasiveness. Depletion of β3 integrin by 

the ECO nanoparticles consequently reduced the acquired 

mesenchymal marker N-cadherin while restoring the 

epithelial marker E-cadherin (Table 1). In both cases, 

expression of the EMT markers were restored to levels 

comparable to that of non-stimulated NME control cells. 

 

 
 

Table 1. Expression of EMT markers, N-cadherin and E-

cadherin, evaluated by qRT-PCR 48 hours following 

integrin β3 silencing. Values expressed as fold-expression 

compared to non-stimulated control cells.  

The phenotypic changes that arise during EMT drive a 

morphological change in which the actin cytoskeleton 

rearranges into stress fibers to facilitate cell motility. 

Delivery of siβ3 with the ECO nanoparticles suppressed 

TGF-β-mediated stress fiber formation to closely resemble 

the epithelial-like control cells which were not treated with 

TGF-β, i.e. well-organized and densely packed (Figure 2). 

 

 
Figure 2. The formation of actin stress fibers (middle) upon 

stimulation of NME cells with TGF-β for 48 hours is 

blocked by ECO/siβ3 nanoparticles (right). 

 

 EMT is associated with an increase in cell invasion. In 

alignment, we found that TGF-β stimulation of control 

NME cells increased their invasiveness (Figure 3). Further, 

treatment with ECO/siβ3 nanoparticles, and consequential 

silencing of integrin β3, attenuated the invasiveness 

compared to the control cells. It has been demonstrated that 

NME cells can override the cytostatic effects of TGF-β [3]. 

Control NME cells exhibited minimal changes in 

proliferation when stimulated with TGF-β. Treatment with 

ECO/siβ3 nanoparticles, on the other hand, was able to 

restore the cytostatic property of TGF-β and reduced 

proliferation to 36% compared to control cells. The 

combined proliferation and invasion data further indicates 

that silencing of integrin β3 can restore the tumor 

suppressing role of TGF-β. 

 
 

Figure 3. Following TGF-β stimulation (72 hours) and 

either no treamtent or ECO/siβ3 nanoparticles, NME cells 

were allowed to invade reconstituted membranes (blue). 

Following TGF-β stimulation (72 hours) and either no 

treamtent or ECO/siβ3 nanoparticles, alterations in DNA 

synthesis in NME cells was determined by [
3
H]thymidine 

incorporation assay (red). Data are mean of three 

independent experiments completed in triplicate. 
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 When cancer cells are cultured in vitro, important 

microenvironmental mechanisms between cells are often 

lost making these culturing systems inefficient in 

mimicking physiological conditions. In contrast, a 3D-

organotypic culture system, which is compliant and exhibits 

a similar elastic modulus as those present at disseminated 

sites recapitulates growth of cells within the pulmonary 

microenvironment. Through differential cell-cell and cell-

matrix interactions not found in 2D culture systems, 

essential microenvironmental cues are restored in 3D 

systems. Furthermore, 3D culture systems introduce 

markedly different diffusion and transport conditions for 

nanoparticle delivery that better mimic the properties of 

tissues. As such, the response of TGF-β-stimulated NME 

cells grown as organoids in 3D culture to treatment with 

ECO/siβ3 nanoparticles provides an indication as to how 

this therapy will translate in vivo. Treatment with the 

ECO/siβ3 nanoparticles was found to inhibit growth of both 

non-stimulated (Figure 4A) and stimulated (Figure 4B) 

NME cells compared to the respective control groups. 

Treatments were administered on day 4, 6 and 8 and a 

significant decrease in growth was observed on day 6, 8 and 

10. Of importance, by day 8, treatment of metastatic cells 

with ECO/siβ3 nanoparticles inhibited growth to levels of 

non-stimulated, or non-metastatic, NME cells. 

 
Figure 4. Non-stimulated NME (A) and TGF-β-stimulated 

NME cells (B) were grown in compliant 3D-organotypic 

cultures for up to 10 days On day 4, 6 and 8, cells were 

treated with ECO/siβ3 nanoparticles. Organoid growth was 

monitored via longitudinal bioluminescence.  

4 CONCLUSION 
Collectively, the in vitro results suggest that ECO/siβ3 

nanoparticles are a promising therapeutic strategy against 

metastatic breast cancer. Due to their multifunctional 

nature, ECO nanoparticles were able to induce potent and 

sustained gene silencing of β3 integrin. This gene silencing 

was then able to combat the acquisition of metastasis by 

restoring basal levels of EMT markers and inhibiting actin 

cytoskeletal rearrangement and growth. To our knowledge, 

this study represents the first use of nanoparticle and RNAi-

mediated gene silenicng against integrin β3. While the 

presented results are promising, the true potential of the 

ECO/siβ3 nanoparticle system must be established in vivo. 

Current ongoing studies are evaluating ECO/siβ3 

nanoparticles in a mouse model. Both primary and 

metastatic breast cancer tumor models are being used to 

quantify the safety and efficacy of the proposed therapy to 

alleviate the burden of metastatic disease. 
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